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1. INTRODUCTION
Essential hypertension is a very common
disease (Eilertsen etal. 1968, Tibblin 1967,
Pubiich Health Service Publication 1966,
Kannel et al. 1969) and is a major risk factor
for both heart attack and stroke. In the
Framingham study of 5127 men and
women, 30 to 62 years of age, 18 % of men ,
and 16% of women were found to be .
hypertensive (defined as blood pressure
higher than 160 mm Hg systolic and 95 mm
Hg diastolic) (Kannel et al. 1969). It is
also well established that the risk of cere-
brovascular and cardiovascular complica-
tions increases as the blood pressure in-
creases (Pubiich Health Service Publica-
tion 1966, Westlund 1972, Kannel et al.
1969) and there seems to be agreement
about the benefit of antihypertensive treat-
ment (Storm-Mathisen et al. 1969, Page et
al. 1972, Veterans Administration 1970),
when the pressure exceeds a certain level.

The extent of pre-treatment evaluation,
however, varies, the choice of treatment of
primary hypertension is multiple, and the
control of the effect of treatment depends
on aims and available methods.

A very extensive pre-treatment examina-
tion and treatment control of all hyper-
tensives are obviously impossible because
of the great number. However, in young pa-
tients with considerably elevated blood
pressure, pre-treatment examination and
treatment control of cardiac, renal, meta-
bolic and hormonal function may be called
for. With regard to cardiac evaluation, the
capacity of conventional laboratories for

heart studies is limited and is reserved for
patients with cardiac diseases. The radio-
nuclear laboratories offer possibilities both
for cardiovascular (Askenazi el al. 1976,
Donato et al. 1966, Maseri et al. 1965,
Mariani et al. 1966, Steele et al. 1974,
Seeker-Walker et al. 1973, Pierson et al.
1977), renal and endocrine studies, rela-
tively simple in performance resulting in a
fair capacity for patient examination. The
rapid development in radio-pharmaceuti-
cals and electronics is the most significant
factor in this achievement.

The present study had the following
aims:

A. The establishment of a non-invasive
radionuclide technique for determina-
tion of variables in the systemic and
pulmonary circulation, useful in out-
patient studies. The errors and repro-
ducibility had to be acceptable, the
radiation dose should be small, the
technique should allow for rapid per-
formance of the examination without
stress for the patient.

B. The evaluation of the method for use
in studies of hemodynamic variables in
healthy subjects, persons with high
cardiac performance, patients with low
cardiac performance and patients with
primary (essential) hypertension stage
I or II (according to WHO classifica-
tion) before antihypertensive treat-
ment.
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C. The application of a system of radio-
nuclide techniques based on out-
patient studies for quantitation of
changes in flow, plasma volume and
circulation times during antihyperten-
sive treatment in order to obtain a
better understanding of the effect of
the drugs in the treatment of primary
hypertension.

A technique based on intravenous bolus
injection of the radionuclide, precordial
recording of the bolus passage through the
heart chambers and pulmonary vessels by
a gamma camera and data handling and
calculation by a computer, was chosen.

Results obtained with the technique are
published in the papers numbered I-IX.
The accumulated experience during all the
studies allows a more complete evaluation
of the method and this is therefore present-
ed in the following chapters.

In chapter 3 opportunity is taken to
compare groups of normal individuals,
athletes and patients. Such intergroup
matching of the derived parameters is
largely precluded within the framework of
separate articles.

In chapter 4 a set-up of radionuclide
techniques based on out-patient examina-
tions, is applied in studies of 7 anti-
hypertensive drugs. The changes in the
derived parameters are discussed drawing
attention to common models for explana-
tion of the mechanism leading to primary
hypertension.

2. METHODOLOGICAL
CONSIDERATIONS

2.1 RADIONUCLIDE
i '3mmdium is a pure gamma emitter (392
KeV) with a short half-life (99.5 min),
which is firmly bound to transferrin after
intravenous injection (Wochner et al.
1970). The nuclide gives a radiation dose
of 10-16 mrad to the whole body, 100 mrad
to the kidneys and 160 mrad to the blood

for a dose of 1 mCi (37 MBq) (Burrows et al.
1968). These doses are almost the same as
for "mTc-pertechnetate (Fosmark 1977,
Smith 1965). The net dose for one study is
about 100 MBq. The radiation dose may be
compared with the natural radiation dose
of about 100 mrad during a year and the
radiation dose during X-ray studies. X-ray
examination of the lung gives 50-200 mrad
to the skin. Pulmonary angiography results
in 15 000 mrad to the skin, 1 000 mrad to
the bone marrow and 4 000 mrad to the
lungs. X-ray of the pelvis and lumbosacral
column will administer 4 000 mrad to the
skin, 250 mrad to the bone marrow and 250
mrad to the gonads, whereas X-ray exa-
mination of the thoracic spine results in
3 500 mrad to the skin and 200 mrad to the
bone marrow (Bengtson et al. 1978, Fos-
mark 1977, United Nations Scientific
Committee 1972).

i i-'min is eluted from a sterile generator
(Amersham) as indiumchloride and is
easily prepared for intravenous injection.
Because of the high energy of ' urnin, the
count rate in a gamma camera is smaller
than for *»9mf c (144 KeV) which is often
used in cardiac studies (Askenazi et al.
1976, Burke et al. 1971, Kriss et al. 1971,
Maddahl et al. 1979), but the counting
geometry during the study is better than for
"mTc (see below). When "mTc-perte-
chnetate is injected intravenously the nu-
clide binds loosely to serum proteins. The
binding is incomplete (EckeJman 1975,
Nusyuowitz et al. 1978, Persson et al.
1969), with resulting errors in the calcula-
tion of plasma volume and cardiac output.
In the calculations, correction for radioac-
tive decay for both the radionuclides is
important.

2.2 BOLUS INJECTION
The dose was injected through an intra-
venous catheter. After evaluation of diffe-
rent catheters, a polyethylene catheter
(Sterilene) with a volume capacity of 0.4
ml was chosen. An acceptable bolus was
obtained when the tip of this catheter

1
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reached the proximal part of the axillary
vein, the net dose had a volume below 1 ml,
and was injected by hand from a 2 ml
plastic syringe (Gilette), When the dose
was administered very rapidly, the bolus
was elongated, probably as a result of
turbulence due to the excess velocity of the
bolus volume relative to the venous blood
flow.

2.3 GAMMA CAMERA AND COMPUTER
The gamma camera (Nuclear Chicago, Pho
Gamma HI) was fitted with a parallel hole
collimator (360 KeV, 1 000 holes) in order
to obtain the best geometric conditions. In
the first studies a small computer (Nuclear
Data, PDP 8L) was used. This computer
was later replaced by a Cine 200 (32K)
computer with considerably higher capa-
city. This type of arrangement is most
common in radioisotope laboratories in
Norway.

2.4 COUNTING GEOMETRY
The subjects were studied during supine
rest. The precordial recording was per-
formed in the left-anterior oblique posi-
tion. In this position the right atrium and
ventricle can be separated from those on
the left, giving the possibility of recording
the bolus passage through each of the heart
chambers, and estimating circulation
times between vascular sections. Record-
ing in this position also allows for an esti-
mate of the cardiac output for each of the
ventricles, which is valuable in the detec-
tion of and calculation of intracardiac
shunt magnitude.

Calculation of cardiac output (CO) was
based on the formula

CO =
Vo

where I is the dose of'' 3mIn (cpm) given, A
the area under the time-activity curve
generated in the intracardiac volume Vo.
The time-activity curve can be generated
from the combined right and left ventricles
and from the separate ventricles. However,

the counting geometry of the ventricles is
unequal.

During the first passage of the bolus
through the right side of the heart, there is
no background activity in the lungs. When
the bolus reaches the left ventricle, some
radioactivity is left in the pulmonary
vessels. The area under the time-activity
curve generated over the left ventricle
therefore contains activity both from the
ventricle and the lungs. This can be cor-
rected for with a factor, f|R, for the right
ventricle and fiL, for the left. fiL will
be below 1 and f|R equals 1 (see later).
The volume, Vo, was estimated when the
intravascular radioactivity had reached an
even distribution, by means of an image
recorded 10 min after bolus injection with
the patient in the same geometric position
as during the bolus passage. Vo was cal-
culated as f2 ••£• where T is the total radio-
activity (cpm) counted within the same
area of interest as the time-activity curve
was generated, C is the radioactivity (cpm/
ml) in venous blood collected during the
image recording and f2 the intracardial
fraction of the total radioactivity recorded
within the area of interest, ii will be
unequal for the two ventricles.

The correction factor combining both f i
and f2 for each ventricle, was estimated in
15 subjects by simultaneous determination
of cardiac output on the basis of pre-cordial
recording and a conventional arterial
sampling technique (I). This factor (f) was
for the right ventricle 0.640 (SD±0.078),
for the left ventricle 0.825 (SD ± 0.051) and
for the right and left ventricles combined
0.835 (SD ± 0.058). The difference between
the right and left ventricle probably main-
ly was a result of a difference in fi. In the
projection used, there was a partial super-
imposition of the ventricles and the factor f
for both ventricles combined was therefore
higher than for the left ventricle.

An additional geometrical problem of
the system must be considered, The loss of
emitted radiation during the passage of the
gamma radiation through the tissue to the
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collimator depends on the gamma energy
of the tracer and the distance to the crystal.
With decreasing energy of the gamma
emitter used, the counting efficiency of the
radioactivity from the precordial tissue,
the heart and the tissue behind the heart
will be increasingly different and falling.
Considering the circumstances during the
use of one specific tracer, and describing
the geometric conditions during the first
passage of the bolus with the factor g,, and
the corresponding factor at equilibrium
with g2, the formula for the calculation of
cardiac output can be written:

CO =
A -g,

The factors gi and g2 are difficult to cal-
culate for each patient separately, and the
conditions should be chosen so that gi =
g2. In essence this implies that the uptake
from the radioactivity in the precordial
tissue at equilibrium time (little amount,
high counting efficiency) should be balan-
ced by the uptake from the radioactivity
in the tissue behind the heart (more radio-
activity but lower counting efficiency). It
can be calculated from the linear attenua-
tion coefficient that the distance in water at
which the emitted radiation is reduced
50 % is for "mTc about 4.5 cm and for
113min about 7 cm (Beck 1975). Therefore,
the low energy of "mTc makes it less
suitable for the present use. Since the extra
cardiac radioactivity amounts to only 17
per cent of the total, errors from this source
can reasonably be ignored when "^min
and a factor, f, of 0.83 (left and right
ventricle combined) are used.

The choice of collimator also enters into
the correction factor problem. By using a
wide angle collimator the cardiac output is
overestimated (Pritchard et al. 1955). This
collimator records a relatively high pre-
cordial contribution of radioactivity at
equilibrium compared to that during bolus
passage (Mariani et al. 1966). This will
give a variable overestimation of Vo. For

this reason the parallel hole collimator
used with the gamma camera has advan-
tages. This collimator also minimizes the
effect of distance between the source and
the detector crystal (Norman 1972).

2.5 DRAWBACKS
Although the radiation dose during a study
is small, it should be borne in mind that
repeated doses represent an accumulation
of radiation.

Concomitant estimation of cardiac out-
put, effective renal plasma flow (ERPF) and
glomerular filtration rate (GFR) is of
interest in hypertensive patients, since in-
crease in the ratio GFR/ERPF indicates in-
creased renal reabsorption of sodium (see
later),' I3niln-DTPA (diethyltriaminepenta
acetate) or y9mTc-DTPA are useful com-
pounds for estimation of GFR (Johansson
et al. 1978, Rootvvelt et al. 1980). However,
estimation of CO with the present techni-
que and GFR with labelled DTP A cannot be
performed simultaneously because ' 13mIn
is firmly bound to DTPA (Johansson et al.
1978) which will compete with transferrin
for the radionuclide. The l25I-iothalamate
clearance is almost identical to the ' 13mIn-
DTPA and y9nrrC-DTPA clearance and
should be useful for the purpose (Johans-
son et al. 1978).

A constant geometric relationship be-
tween the chest and the collimator
throughout the study is necessary, and it is
therefore difficult to perform a study of
hemodynamic variables during heavy
exercise by this technique (Kuikka et al.
1979). This is a drawback, since studies at
rest under basal conditions often do not
reveal the full scope of hemodynamic
abnormalities in hypertension.

The cost of the gamma camera and
computer is high (about N.kr. 1 000 000.-).
However, both gamma camera and asso-
ciated computer systems are becoming
standard equipment for different examina-
tions in laboratories of nuclear medicine in
Norway.
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2.6 ADVANTAGES
The presented technique is non-invasive,
is rapidly performed (30 min) without
stress for the patient and is useful for exa-
minations on an out-patient basis. Informa-
tion about cardiac performance during
rest, circulation times and total and pul-
monary plasma volume are obtained. The
method is easily combined with other
radionuclide techniques for further flow
and volume studies.

A complete study-of-the systemic, pul-
monary and renal circulation by these
radionuclide techniques takes about one
hour, and the results are available very
soon after termination of measurements.

2.7 ERRORS AND REPRODUCIBIUTY
The coefficient of correlation for cardiac
output measured with ordinary dilution
technique based on continuous sampling
of arterial blood and the present technique
in fifteen subjects was 0.96 (1). The coef-
ficient of variation calculated on the basis
of measurements performed with the pre-
sent technique with 30 min interval in 18
patients with primary hypertension was
for plasma volume 4.5 %, cardiac index
7.4 %, left ventricular work index 10.7 %
and pulmonary plasma volume 11.7 %
(VI). There were no statistically significant
changes in the variables estimated with 2
months' interval in 10 untreated patients (4
males, 6 females aged 31-67 years) with
primary hypertension stage I or II accord-
ing to the WHO classification (VI). These
results indicate that the errors of the
method are within an acceptable range.
Also the reproducibility seems to be ac-
ceptable. As a comparison CO estimated
with the Fick principle gives a coefficient
of variation of about 5 -10 % (Lund-Johan-
sen 1967, Mendel 1968). There has been no
systematic comparison between the pre-
sent technique and the Fick technique.
Both techniques, however, are based on the
same indicator dilution principle.

3. APPLICATION OF THE TECHNI-
QUE AT DIFFERENT CARDIAC
PERFORMANCE

3.1 COMPOSITION OF THE GROUPS

The groups were composed as follows:

A. 19 healthy subjects; 9 females and 10
males, aged 21 to 31 years (I).

B. 32 physically well trained subjects; 11
females and 21 males, aged 20 to 35
years (II). They were rowers, runners
or skiers.

C. 15 patients; 6 females and 9 males, with
chronic cardiac insufficiency stage II -
HI according to the NYHA classifica-
tion. The heart failure was a result of
previous myocardial infarction. They
were all treated with digitalis and
diuretics. Age ranged from 41 to 92
years.

D. 81 patients with primary hypertension,
stage I - I I (WHO classification); 18
females and 63 males, aged 19 to 65
years. None took antihypertensive
drugs. The effect on the hemodynamic
variables of different antihypertensive
drugs given later to these patients is
presented in Table 2 and in the papers
III, IV, V, VI, VII, Vffl and IX.

3.2 DERIVED PHYSIOLOGICAL PARAMETERS

Table 1 gives the variables measured in
group A, B, C and D (mean ± SD). Only the
subjects of group B can be compared with
group A, because of difference in age
between the groups C, D and group A.
However, the variables may describe typi-
cal features that characterize these groups.
On this background a comparison between
the groups B, C and D and the group A has
been performed, using the Student's t-test
for unpaired data.
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Table 1.
Hemodynamic variables in four groups of subjects studied
(Mean + SD).

Group
N
Age (years)

Cardiac index
(1/min -m2)

Stroke index
(ml/beat -m2)

Heart rate
(beats/min)

Interventricular
circulation time (s)

Plasma volume
(ml/cm)

Pulmonary plasma volume
(PPV) (ml/m2)

PPV-100/PV(%)

Total peripheral resistance
index (10s -N -s m"3)

Left ventricular work
index (W/m2)

Mean arterial blood
pressure (mrnHg)

Physically
untrained

A
19

24.3+3.0

3,941+0.753

52.5±6.0

74.7+13.3

6.6+1.2

17.0+2.0

193±31

10.2±2.3

—

—

—

Physically
trained

B
32

26.4 + 3.5

3,701 + 1.1121

67.3 + 14.8***

54.4+8.4***

9.5 + 2.3***

22.6+4,1***

267+71***

12.2±1.8

2067±611

0.77±0.24

91.9 + 10.2

Heart
failure

C
15

68.6±10.8***

2.389±0,636***

28.6±8,3***

85.4+-15.7*

9,8+3.7*

17.9±3,4

160+39*

9.0+Z.2

3094±1242aaa

0.42±0.14aaa

85.2±9.8a

Primary
hypertension

D
81

49.9±10.5***

3.480+0.777*

50,4±9,9

69,7±13.3

6.9 ±1.5

19.2+.2.7**

156±32

8.9±1.4*

3220+902aaa

0.98±0.24aaa

128.8 + 14.3aaa

* = a = p<0.05
** =aa = p<0.01

*** =aaa = p<0.001

* refers to a comparison with group A and a to a comparison with group B.

3.2.1 Cardiac index (CI) (CO/BSA (body
surface area)), stroke index (SI)
(stroke voIume/BSA) and heart rate
(Hflj

During supine rest SI was higher and HR
lower in the trained than in the non-trained
subjects whereas CI was at the same level,
indicating that the oxygen demand during
supine rest is at the same level in the

trained and the untrained subjects. As
could be expected, SI was lower and HR
higher in group C than in group A. CI was
also lower. In the hypertensive group SI
and HR had lower mean values than in
group A, but the changes were not statisti-
cally different. The product of SI and HR
was, however, lower (11.7 %) (p <0.05) re-
flecting the fall in CI with age and the fail
as a result of primary hypertension (Lund-
Johansen 1979, Tarazi et al. 1977).

1
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3.2.2 Interventricular circulation time
(IVCTJ

Both the trained subjects and the patients
with cardiac insufficiency had longer
circulation time than the untrained sub-
jects and the hypertensives. The reason for
the prolonged circulation time was obvi-
ously different for group B and C. In group
B the reduction in velocity of flowing
plasma was associated with high cardiac
performance whereas in group C the reduc-
tion in velocity was associated with low
cardiac performance. A reduction in velo-
city of circulating blood represents a
reduction both in kinetic work (E = '/;>
m v2) and in pressure work especially in
large arteries having a Reynolds (Re)
number above 2 300 (McDonald 1974) be-
cause of turbulence. (Re = VD/v where
V is the average velocity of flow, D is the
diameter of the vessel and v the kinematic
viscosity). The fall in velocity of circulat-
ing blood may therefore represent an adap-
tation to lower energy cost for the heart
both in the trained subjects and in the pa-
tients with cardiac insufficiency, hi both
groups there is a demand on cardiac perfor-
mance, albeit at different levels. The heart
of the trained subjects has to meet the oxy-
gen demand during heavy exercise, and
the heart of the patients of group C has to
meet with the oxygen demand during daily
life.

The velocity of flowing blood in the pul-
monary circulation probably reflects the
velocity in the systemic circulation. The
long IVCT observed in group B and C
might therefore represent a decline in the
velocity of flowing blood in the small
vessels and capillaries, thereby giving
better conditions for extraction of oxygen
and nutrients and delivery of cell products
and waste products from the local tissue.
Of interest is also the relationship between
the heart rate and IVCT as observed in the
athletes (II).

3.2.3 Total and pulmonary plasma
volumes

The model for long-term volume control

proposed by Guyton et al. (1976) is based
on the assumption that urine flow is a func-
tion of arterial blood pressure. An increase
in blood volume will involve an increase in
plasma fluid volume and extracellular
fluid volume. At a given distensibility of
the circulation, the filling piessure of the
heart, and hence cardiac output, will rise.
As long as total peripheral resistance
remains constant, arterial blood pressure
will increase and induce an increase in
urine excretion, Provided fluid intake
remains constant, the extracellular fluid
volume will decrease. Thus blood volume
will finally become normal again (see 4.1),

When this model is applied to the pre-
sent study, it is reasonable that other fac-
tors also are at play. Total plasma volume
was increased in the trained compared to
the untrained subjects. Heavy exercise
therefore seems to be a factor of importance
in the long-term regulation of fluid vol-
ume. The adaptation of the vessels to in-
creased blood volume might be due to in-
creased vascular compliance. Similar
changes seem to occur in the pulmonary
vessels as pulmonary plasma volume
(PPV) was 38.3 % higher in the trained
than in the untrained subjects, whereas
cardiac output during rest was almost
equal in the two groups. According to the
model of Guyton et al. (1976) an increase in
plasma volume will lead to increased
cardiac output, increased blood pressure
and increased diuresis and thereby restora-
tion of plasma volume. Since this does not
occur in the athletes, one may postulate
that the blood pressure is set at a lower
level than in untrained subjects whereby a
pressure-diuresis is inhibited. In other
words, during physical training there
might be a stimulus to keep the blood pres-
sure low. Exercise might therefore prevent
hypertension. Reduction in elevated blood
pressure during physical training has also
been reported (Boyer et al. 1970, Krotkiew-
ski et al. 1979).

Whereas total extracellular fluid volume
has been found to be normal in primary
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hypertension (Dustan et al. 1973), PV has
been found to be reduced (Dustan et al.
1973, Parving et al. 1973, Tarazi et al.
1976) and inversely related to the diastolic
blood pressure (DBP) (Dustan et al. 1973).
However, the relationship between PV and
DBP is moderate (r = -0.47) (Dustan et al.
1973) and seems to occur when DBP
exceeds 110 mm Hg.

In the present study PV was higher in the
hypertensive patients than in the normal
subjects, and there was no statistically
significant correlation between PV and
DBP (r = -0.12) in the hypertensive group.
The explanation of the lack of correlation
might be that DBP was relatively low
(mean 107.9, SD ± 1A.8 mm Hg) in this
group. The difference in PV between group
A and D cannot be explained by difference
between males and females as PV
(mean ± SD) in the males of group A was
17.8 ±2.4 ml/cm and in females 16.3 ±0.9
ml/cm, and in the males and females of
group D 20.1 ± 2.4 ml/cm and 17.4 ± 2.5
ml/cm, respectively.

There was a small difference in calcula-
tion as the concentration of radiotracer was
based on one blood sample drawn after 10
min in the groups A and B and on 3
samples drawn 10, 20 and 30 min after
the bolus injection in the groups C and D.
The difference in technique can, however,
not explain the difference in PV between
the groups A and D. There might therefore
be a small volume expansion in the hyper-
tensive group. This expansion seems to
occur in the systemic circulation as pul-
monary plasma volume was at the same
level as in group A. This increase in PV is
contrary to previous reports from studies
in hypertensive patients (Dustan et al.
1973, Parving et al. 1973, Tarazi et al.
1969) but in agreement with the observa-
tion of Hansen (1968).

From studies in spontaneously hyper-
tensive rats (SHR), decreased PV has been
observed in strain SHR, whereas PV has
been found to be increased in Milan strain
of spontaneously hypertensive rats (MHS)

(Rippe et al. 1978). The main difference be-
tween these two strains is that neurogenic
mechanisms dominate the initiation of
hypertension in the SHR strain, whereas
renal retention of sodium and water seems
to constitute the starting mechanism in the
MHS strain (Bianchi et al. 1975).

The relatively high PV in group D might
therefore represent a failure in the volume
control at the renal level in accordance
with the concepts of Ledingham et al,
(1962) and Guyton et al. (1969, 1974). The
explanation may be sodium and water
retention as a result of increased filtration
fraction (Brown et al. 1977), which is
known to give increased sodium reabsorp-
tion (Earley et al, 1969) and which is a com-
mon finding in primary hypertension
[Brown et al. 1977, Schalekamp et al.
1970).

The plasma volume is usually increased
in cardiac failure (Earley et al. 1969). In
group C PV was at the same level as in
group A. These patients took diuretics,
which may be the expu iation. Further-
more, there might be a redistribution of
plasma between the pulmonary and the
systemic circulation as PPV was 20.6 %
lower in group C than in group A.

In the group of athletes plasma was
distributed to favor the pulmonary circula-
tion (PPV in per cent of PV was increased)
probably as an adaptation to increased
cardiac performance.

Peripheral resistance in cardiac insuffi-
ciency was at the same level as in primary
hypertension whereas left ventricular
work was about 54 % of that in primary
hypertension.

4. CIRCULATORY CHANGES DURING
ANTIHYPERTENSIVE TREATMENT
AS MEASURED WITH RADIONU-
CLIDE TECHNIQUES

4.1 MECHANISMS OF PRIMARY HYPERTENSION
Even if many of the underlying causes for
primary hypertension are unknown, some
concepts of mechanisms leading to hyper-

1
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tension begin to take form (Brown et al.
1977, Genest 1977, Guyton 1977, Page
1977, Peart 1977, Pickering 1977, Rippe et
al. 1978). The concept of Guyton and co-
workers (1969,1974,1976,1977,1978) has
gained a central position because it is out-
standing in its coherent description of
physiological events leading to hyperten-
sion.

Even if there is no complete agreement
about the concept, the model will be used
in the present discussion of the observed
changes during antihypertensive treat-
ment.

According to this concept all conditions
that cause hypertension, do so by reducing
the renal excretory capacity, relative to the
intake of water and electrolytes (Guyton
1977). This controls the filling of the
circulatory system, which is paramount in
the long-term control of arterial blood pres-
sure. In the normal subject an increase in
plasma volume gives increased cardiac
output and vascular resistance which
results in increased blood pressure. As the
arterial pressure increases, the output of
urine by the kidneys increases markedly.
This pressure diuresis (Kiil 1975) has a
considerable capacity as the isolated kid-
ney almost ceases to produce urine when
the arterial pressure falls below 60 mm Hg,
whereas the urine output increases about
six to eight times when the mean arterial
pressure increases from 100 mm Hg to 200
mm Hg (Guyton 1977). In the normal
person the balance between the intake of
fluid and output of urine occurs at a mean
arterial pressure of approximately 100 mm
Hg. In a kidney with reduced capacity of
salt and water excretion, the balance be-
tween intake and output occurs at a higher
blood pressure level. Therefore, the princi-
pal factor that determines the pressure
level to which this control system (the
intrinsic controls) will adjust, is the func-
tional state of the kidney. As pointed out by
Schalekamp et al. (1970), the filtration
fraction is increased in primary hyperten-
sion due to a decrease in renal blood flow.

Increased filtration fraction is regularly
associated with increased reabsorption of
sodium and water as a consequence of in-
creased peritubular capillary oncotic pres-
sure and reduced peritubular capillary
hydrostatic pressure (Brown et al. 1977,
Schalekamp 1970). The sequence is pro-
posed to be as follows (Brown et al. 1977):
Increased renal vascular resistance leads to
a fall in renal blood flow whereas glome-
rular filtration rate is almost unchanged.
This increase in filtration fraction gives in-
creased reabsorption of sodium and water,
increased extracellular fluid volume and
hypertension. The elevated blood pressure
will be transmitted beyond the glomerulus
into the peritubular circulation and give
increased hydrostatic pressure and thereby
prevent the sodium retention produced by
increased filtration fraction. Thus, equi-
librium in the sodium balance will occur
with increased blood pressure as a result.

When equilibrium is achieved, the blood
and extracellular volume is normal or near
to normal in most patients with hyperten-
sion. However, even a small elevation in
extracellular fluid volume of 2 - 5 per cent,
which is difficult to measure, is enough to
maintain an elevation of blood pressure of
about 40 % (Guyton 1977). This volume
concept for control of pressure denies that
chronic hypertension can be caused by a
primary increase in vascular resistance
unless this change in resistance also affects
the kidney, nor can it be established by a
primary increase in cardiac drive and de-
creased venous or total vascular compli-
ance. If the kidney function is normal,
these changes will be compensated for by
the long-term volume control and the pres-
sure diuresis.

There is evidence that the response of
sodium excretion to changes in dietary
sodium is a consequence of relatively
small change; in extracellular fluid
volume [Earley et al. 1969). What signals
reach the kidney in response to these
changes and what mechanisms are opera-
tive within the kidney to alter sodium ex-
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cretion are not clear. Assuming an increase
in extracellular fluid volume in primary
hypertension, there may be an interference
with this regulatory system.

The reason for the increase in renal
vascular resistance is obscure, but may be
a result of sympathetic nervous overac-
tivity (Brown et al. 1977, Rippe et al. 1978).
An increase in sympathetic discharge may
also interfere with the combined buffering
effects of the cardiac «volume» receptors
and arterial baroreceptors. Normally these
reflexes are able to offset increased filling
of the intravascular space by a reflex
damping of cardiac function and relaxa-
tion of capacitance and resistance vessels
(Rippe et al. 1978). Increased sympathetic
discharge may also lead to reduced intra-
vascular volume in addition to a modest
rise in heart rate, changes observed in
primary hypertension (Lund-Johansen
1967, Parving et al. 1973, Tarazi et al.
1969).

In hemodynamic studies of patients with
primary hypertension, cardiac output
seems to be elevated in younger patients
(18 — 29 years) with mild hypertension
(Lund-Johansen 1977,1979 a). In older pa-
tients cardiac output is decreased especial-
ly when blood pressure is considerably
elevated and when target organ changes
are observed (Lund-Johansen 1979 a). The
main disorder, however, is an inappro-
priate elevation of vascular resistance
which increases with time (Eich et al. 1966,
Weiss et al. 1978). Renal blood flow is
reduced (Brown et al. 1977, Guyton et al.
1978, Schalekamp et al. 1970) in establish-
ed hypertension, whereas glomerular fil-
tration rate tends to remain less affected for
a prolonged period (Schalekamp et al.
1970).

According to Guyton et al. (1969,1974,
1977) the main factor that determines the
final level of arterial pressure is the degree
of renal arterial resistance and the effect
that this has on fluid retention. Preserva-
tion and restoration of kidney function will
therefore be a central issue in the success-

ful treatment with antihypertensive drugs.
The goal of treatment should therefore be
normalization of vascular resistance,
cardiac output, local tissue blood flow and
renal blood flow according to age, con-
comitantly with a normalization of blood
pressure.

4,2 METHODS
The described technique was combined
with a quantitative renographic technique
and radioimmunoassay techniques, giving
additional information about effective
renal plasma flow (ERPF) (Norman 1972,
Norman et al. 1975), plasma aldosterone
concentration (Sunds/jord et al. 1973) and
plasma renin activity (PRA) (Sunds/jord et
al. 1967).

Aldosterone and renin levels reflect
changes in intravascular volume and pres-
sure.

The blood pressure (BP) was in some
studies measured on the arm with a mer-
cury sphygmomanometer and in some
studies recorded automatically on the arm
with an Arteriosonde (Roche).

Details are given in the papers with
Roman numerals III, IV, V, VI, VII, VIII, IX.

4.3 COMPOSITION OF THE GROUPS (Tabie 2)
All the patients were classified as having
primary hypertension stage I or II accord-
ing to the WHO classification.

The treatment groups were of necessity
relatively small. Double-blind studies
were not possible, but the subjects in the
groups served as their own controls. Of
relevance was that there were no statisti-
cally significant changes in the variables
measured at a two-month interval in the 10
untreated hypertensives (group I).

For practical reasons the study periods
were relatively short and varied.

A detailed discussion of the results can
be found in the papers with the Roman
numerals III, IV, V, VI, VII, VIII, IX. At this
point remarks will be confined to some
central features. A summary of the results
is presented in Table 3.

I
I

I
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Table 2.
The number, age, blood pressure before treatment (mean±SD), dosage and
treatment periods of the patients in the groups studied.

Group N
B.P.(mmHg)

Age(y) before treatment Drug and dosage
Treatment

period
Ref.
no.

Females Males Range SAP DAP

A
B
G

D
ED

3
3
0

6
9

H

I

10 32-61 178 ±19 113 + 9 PropranololBOmgb.i.d,
10 41-64 178 + 20 113+ 8 Atenolol50mgb.i.d.
11 37-64 169 ±20 108 ± 5 Chlorthalidone 50 mg/day

(Potassium chloride
1.5-3.0g/day)

4 33-65 179+10 110+ B Spironolactone50mgb,i.d.
4 50 —74 — — Spironolactone

(SO mg b.i.d.) withdrawal
9 37-65 179±26 113±l0 Prazosinimgb.i.d,

(6 had higher doses
the last 2 months)

11 32-60 183 ±21 113+ 8 Hydralazine 25 mg b.i.d.
Hydralazine 25 mg b.i.d. +
propranolol 80 mg b.i.d.
Propranolol 80 mg b.i.d.

13 19-55 165 + 14 109+ 8 DihydralazineO.l mg/kg
bodyweight

4 31-57 172 ±22 106 + 10 No drugs

8 months
4 months
4 months

(The last
2 months)
4 months

V
VIII
VII

VI
VI

4 months

2 weeks

2 weeks
2 weeks

30min

IX

IV

HI

VI, IX

r) Spironolactone was withdrawn after a treatment period of at least 6 months. Measurements were
carried out during and 5 weeks after cessation of treatment.

4.4 CHANGES IN DERIVED PARAMETERS DURING
ANTIHYPERTENSIVE TREATMENT (Table 3)

4.4.1 Blood pressure
The given doses of the drugs were asso-
ciated with fall in mean arterial blood pres-
sure between 8 and 15 %, except for hydra-
lazine. The daily dose of this drug probably
was too small to give a fall in MAP.

4.4.2 Cardiac index, stroke index, heart
rate and cardiac work

According to the goal of treatment nor-
malization of the circulatory pattern im-
plies only small changes in CO during
antihypertensive treatment since the pa-
tients belonged to WHO stage I or II (Lund-
Johansen 1977,1979 a).

However, both the B-receptor blockers
(V, VIII) and chlorthalidone (VII) gave a fall

in CI; the fi-receptor blockers by a reduc-
tion in HR and chlorthalidone by a reduc-
tion in SI. This means that the work load on
the heart was reduced, but also that the
blood supply to the organs of the body was
diminished.

The reason for the fall in CI during
chlorthalidone treatment is not clear. It is
possible that there was a reduction in
venous return. One can speculate if there
was a redistribution of blood flow to favor
the splanchnic circulation, which is
known to result in a fall in venous return
and cardiac output (Green 1979, Krogh
1912). The unchanged ERPF might give
support to thif view.

Assuming that this is correct, redistribu-
tion of blood flow between the main com-
partments must be taken in consideration
when applying the concept of Guyton and
co-workers.
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Table 3.
Observed changes during treatment with different drugs (A %)

N CI SI HR MAP TPRI LVWI PV

PROPRANOLOL 13 -14.6** +14.5 -26.0*** -15.0*** + 0.4 -27 .0 + 2.0(*)
160 mg/d
TP = 8 M

ATENOLOL 13 -2.2.8** + 1.9 -25.2*** -12.0*** +10.2 -32,0*** - 1.6
100 mg/d
TP = 4 M

CHLORTHALIDONE 11 -13.8** -12.7** - 0.5 -14.3*** - 3.8 -26.3*** - 1
50 mg/d
TP = 4 M

SPIRONOLACTONE 10 0 + 7.5 - 7.5 - 8.3* - 3.0 -14.1* 3.3
100 mg/d
TP = 4 M

SPIRONOLACTONE 14 + 7.6 +12.9 - 4.8 + 3.2 - 5.9 + 7.9 +10.5*
WITHDRAWAL

PRAZQSIN 14 - 1.4 + 6 - 7.9** -10.2** - 10.8* -12.2 + 4.2l*)
2 mg/d (7 mg/d)
TP = 4 M

HYDRALAZINE 11 + 3.7 - 0.8 + 5.1 - 0.7 - 1.1 + 2.6 - 0.5
50 mg/d
TP = 2 W

DIHYDRALAZINE 14 +58.9** +11.9* +37.2** -11.7** -46.8** +43.3**
iv. 0.1 mg/BW
Acute, 30 min

* =p<0.05
** =p<0.01

*** = p<0.001
( ) = transient change

(Compared to the control value)

I
r

i
i
i
i

Changes in CI were observed in the
individual patient both during treatment
with spironolactone (VI), prazosin (IX) and
hydralazine (IV), but these were too in-
consistent to be statistically significant.
Spironolactone elicited a fall in left ventri-
cular work index.

Intravenous injection.of dihydralazine
(HI) in a dose used diagnostically in reno-
vascular hypertension, increased CI
58.9 %, SI 11.9 %, HR 37.2 % and LVWI
43.3 %. The blood supply to the individual
organs was therefore probably increased.

The great increase in work load on the
heart indicates that dihydralazine with
advantage might be replaced by the angio-l
tensin-II blocking drug, Saralasin. In com- *
bination with renography and measure-
ment of PRA and aldosterone in peripheral
blood, Saralasin is a useful tool in detec-
tion of renovascular hypertension and the
affected kidney (Falch et al. 1978).

A.t.A Total peripheral resistance index
(TPB1)

Since increased vascular resistance is a
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PPV IVCT ERPF PRA PA Na K Cl BW Ur+ Cr

+ 6.1 +21.7** -23.4

I 4.8 +32,2** -15.6 -54.2* -32.7 - 1.7* + 7.2H + 1.1 + 1.5** +26.1 + 8.4

- 6.2 - 7.0 - 7.9 +265.2** fl6.9(*) + 1,1 - 7.7t*) - 3.9* - 1.9** +12.6** + 3.9

m- 7.0 + 8.1 0 +400.0* +109.9** - 3.5*** + 7.0 +15.2

1 13,7** -12.8 - 2.6 -60.0** -48,8** + 1.9**

+ 4.9 + 4.0 +15.4* + 8.7H +20.3 - 1.8* - 2.4 - 2.6* + 2.7* + 3.9 + 6.1

I
- 0.5 - 4.0 - 1.1 +38.2 + 3.5

I
+ 0.5 -38.2** +15.3 +220,0*

CI = cardiac index, SI = stroke index, HR = heart rate, MAP = mean arterial blood pressure, TPRI = total
L peripheral resistance index, LVWI = left ventricular work index, PV = plasma volume, PPV = pulmonary
\, plasma volume, IVCT = interventricular circulation time, ERPF = effective renal plasma flow, PRA =

plasma renin activity, PA = plasma aldosterone, Na = serum sodium, K = serum potassium, Cl = serum
chloride, BW = hody weight, Ur+ = serum urea, Cr = serum creatinine

, TP = Treatment period in months (M) or weeks (W)

central feature of primary hypertension, a rather than structural vascular changes.
reduction in TPRI is an important achieve- It must, however, be remembered that

I ment during antihypertensive treatment. TPRI is calculated from CI and MAP and
Change in TPRI was frequently observed includes the errors of both these measure-

during treatment with almost all the drugs, ments.
» Statistically evaluated, however, the TPRI Angiotensin-II is a well-known vaso-

change was sufficiently consistent only constrictor. Since PRA was increased both
when prazosin (Awan 1977) was given and during chlortbalidone and spironolactone

I acutely after intravenous administration of administration, vasoconstriction due to in-
1 dihydralazine (Koch-Weser 1976, Ablad creased angiotensin-II concentration was

1963). It is reasonable to assume that the conceivable. In those patients who took

I lack of consistent reduction in TPRI in chlorthalidone there was a relationship

these patients is caused by functional (r = -0.78) between the PRA increment
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during treatment and the fall in mean
blood pressure during angiotensin-II
blockade with Saralasin (VII). The fall in
MAP was, however, small during Saralasin
infusion.

Assuming that PRA reflected the angio-
tensin-II activity and that the angiotensin-
II blockade was complete during Saralasin
infusion, the observation indicates that the
activated renin-angiotensin system only to
a minor degree influenced the blood pres-
sure. This is in agreement with the concept
that the system of intrinsic volume control
with time will override the effect of angio-
tensins in the long-term blood pressure
regulation (Guyton et al. 1976).

4.4.4 Volume, body weight, electrolytes,
renin and aJdosterone

According to the applied concept (Guyton
et al. 1976) a fall in blood pressure leads to
a decrease in pressure diuresis and thereby
volume expansion. The mechanism seem-
ed to be at work also when blood pressure
was reduced by means of propranolol and
prazosin, as plasma volume had a transient
increase. Even a crude measure of change
in fluid volume, the increase in body
weight during prazosin and atenolol treat-
ment may also suggest volume expansion.
These changes which seemed not to be due
to increased aldosterone concentration in
plasma, were, however, rather small.

After cessation of spironolactone (VI)
there was an increase in total plasma
volume, pulmonary plasma volume and
body weight, a decrease in PRA and
plasma aldosterone concentration, where-
as cardiac output, blood pressure and
effective renal plasma flow were unchang-
ed. Since the increased plasma volume was
not reset by the intrinsic volume control
system (Guyton et al. 1976), an increase in
the volume of the capacity vessels due to a
fall in vascular tone, is conceivable.

The diuretics gave a fall in body weight
whereas plasma volume was unchanged.
There was a relationship (r = 0.77) be-
tween the decrease in mean blood pressure

and the decrease in body weight during
spironolactone treatment (VI). No correla-
tion between these variables was found
when chlorthalidone was given. The rea-
son for this difference is not known.

Both atenolol and prazosin elicited a fall
in serum sodium concentration. The rea-
son for this is unknown.

Angiotensin-II is known to increase the
reabsorption of sodium in the kidneys
(Waugh 1972). This effect might be inhibit-
ed by the B-blockers since these drugs
elicit a fall in PRA. However, this mecha-
nism can hardly be the explanation since
PRA was transiently increased during pra-
zosin administration. An increased secre-
tion of antidiuretic hormone is probably
more reasonable.

During atenolol administration there
was a transient increase in serum potas-
sium concentration. Whatever the reason,
this tendency may be favorable when
atenolol is combined with diuretics giving
hypokalemia.

4.4.5 Interventricular circulation time
(fVCTj

The circulation time for plasma between
the right and the left ventricles was pro-
longed by propranolol and atenolol. As-
suming that this reduction in velocity of
plasma flow reflects similar changes in the
systemic circulation, both the kinetic and
the pressure work of the heart will be
reduced as the Reynold number in the
great arteries will be reduced.

After intravenous injection of dihydrala-
zine there was a considerable increase in
velocity of plasma flow, reflecting the in-
creased cardiac work.

In the other groups studied, FVCT was
unchanged even if CI fell during chlor-
thalidone treatment.

4.4.6 Effective renal plasma flow (ERPF)
Since increased filtration fraction due to
decreased renal blood flow, may be an
important factor in the genesis of primary
hypertension (Brown et al. 1977, SchaJe-

I
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kamp et al. 1970), maintained or increased
renal blood flow during antihypertensive
treatment might be favorable.

Propranolol elicited a fall in ERPF which
persisted throughout the study period (8
months) (V). This fall in ERPF might partly
be due to the decrease in cardiac output
and partly due to an interference with the
autoregulation in the kidneys.

The change in ERPF may give support to
the view that the splanchnic blood flow is
reduced during propranolol administra-
tion (Nayler et al. 1967, Trap-/ensen et al.
1979).

During trial periods of 2 weeks, a small
dose of hydralazine (IV) (50 mg/day) pre-
vented the fall in ERPF elicited by pro-
pranolol.

During atenolol treatment the mean
value of ERPF fell 15.6 %, but the change
was not statistically significant, even if CI
fell 22.8 % and MAP fell 12.0 %. The diffe-
rence between atenolol and propranolol in
this respect, may be favorable to atenolol.

Prazosin differed from the other drugs
studied. ERPF seemed to increase when
the daily dose was increased individually
up to 7 mg (until normotension) (IX),
probably reflecting a fall in vascular
resistance in the kidneys.

During chlorthalidone and spironolac-
tone administration ERPF was unchanged,
even if MAP fell, PRA (reflecting angioten-
sins) increased and chlorthalidone in addi-
tion reduced cardiac output (VI, VII). The
hemodynamic autoregulation in the kid-
neys seemed therefore to be intact.

After intravenous injection of dihydrala-
zine ERPF was unchanged although TPRI
fell 46.8 % and CI fell 58.9 % (III). One can
speculate if the lack of increase in ERPF
was due to increased activity of angio-
tensins and increased sympathetic dis-
charge (AbJad 1963).

4.5 LOCAL TISSUE BLOOD FLOW
During treatment of primary hypertension,
attention has been paid to the changes in
the gross circulation such as blood pres-

sure, cardiac output and vascular re-
sistance. The basic purpose of the circula-
tion, however, is to provide blood flow to
each tissue as needed to meet the metabolic
requirements. According to Guyton et al.
(1976) this is achieved by a combination of
gross adjustments of the central circulation
and local tissue autoregulation. This local
autoregulation of flow functions in most
tissues of the body (Guyton et al. 1976), and
seems to reflect the demand for nutrients
and the excess of metabolic end products.
An excess of nutritional delivery in rela-
tion to tissue demand as a result of elevated
blood flow, will induce vasoconstriction,
and thereby increased vascular resistance
to flow. On the other hand, if the flow is
reduced and the supply of nutrients is in-
adequate, there will be a vasodilation and a
fall in vascular resistance.

In spontaneously hypertensive rats, the
most commonly studied model of man's
primary hypertension, the number of pre-
and postcapillary vessels in the splanchnic
(Henrich et al. 1978) and the cremaster
muscle (Hutchins et al. 1974) circulation
was reduced compared to normal rats. The
arterioles had (compensatory?) increased
inner diameter in SHR (by 20%). The
elevation of resistance to blood flow in
SHR was assumed to be caused by a
reduced number of resistance vessels
(Henrich et al. 1978). A major decrease in
the number of arterioles in SHR would
suggest a priority of pressure regulation at
the cost of a sufficient blood supply to the
capillary exchange area.

The employed method deals with the
changes in the systemic circulation and
not with the changes in the micro-circu-
lation. However, the relative changes in
cardiac output versus the changes in
vascular resistance may also reflect hemo-
dynamic charges in local tissue blood
flow.

In primary hypertension there is prob-
ably reduced blood flow to the local tissue,
partly because of increased vascular resis-
tance and partly because of falling cardiac
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output with time. A further reduction in
flow during treatment with propranolol,
atenolol and chlorthalidone may be as-
sumed, because of the fall in cardiac output
and unchanged resistance. In addition a
redistribution of blood flow between the
main compartments is assumed. The re-
duced velocity of circulating plasma
during treatment with propranolol and
atenolol (but not with chlorthalidone)
might allow for a longer exchange time for
nutrients and cell products on the capillary
level, which might compensate for the
reduction in flow.

Dihydralazine gave a considerable in-
crease in cardiac output probably secon-
dary to the fall in vascular resistance
(Koch-Weser 1976, Wilkinson 1952, Ablad
1963). This might suggest that the small
vessels were opened for increased flow and
pressure giving considerable hemodyna-
mic changes on the capillary level.

Thiazides seem to reduce both the extra-
cellular (Tarazi et al. 1970) and intra-
cellular (Lauwers et al. 1960) fluid volume.
This means that the fluid volume through
which the nutrients have to be transported
from the capillaries to the cells and the cell
products from the cells to the capillaries, is
reduced. A major decrease in the intersti-
tial fluid volume might represent an inter-
ference with the transport of compounds
and heat and thereby interfere with the
cellular function. During diuretic treat-
ment, potassium and chloride depletion
and alkalosis in addition to reduction in
extracellular water have been observed
(Landmann-Suter et al. 1978). Even if
normal intracellular potassium values
have been found, these changes might
influence both extracellular and intra-
cellular ion-composition (Smals et al.
1978) whereby the membrane potential
(Landmann-Suter et al. 1978) and cellular
function might be changed.

It is therefore assumed that long-term
treatment with antihypertensive drugs
may interfere with cellular metabolism by
mechanisms such as inappropriate blood

flow, changes in tissue fluid volume and
its electrolyte and ion-composition and
changes in the membrane potential.

The small group of patients and short
observation times of this study, preclude
any definite conclusion with regard to the
merits of the various drugs. The study
serves more to emphasize the complexity
of the hypertensive state, and to stimulate a
philosophy with regard to treatment.

In choosing antihypertensive drugs, the
effects on carbohydrate- and lipid meta-
bolism (Ames et al. 1976, Frishman et al.
1979, Waal-Manning et al. 1977), potas-
sium metabolism (Early et al. 1969, Ed-
monds et al. 1973, Landmann-Suter et al.
1978), hormonal metabolism (DymJing
1978, SmaJs et al. 1978), sexual function
(Editorial 1979) and adverse effects (Frish-
man et al. 1979, Masuyama 1979) might be
considered.

Further investigation on the effect of
antihypertensive treatment on local tissue
blood flow and cellular metabolism might
be called for.

5. CONCLUSIONS
A. The determination of cardiac output,

plasma volume and circulation times
with the present method is rapidly per-
formed on an out-patient basis, without
stress for the patient. The errors and
reproducibility are within an accept-
able range and the radiation dose to the
patient is small.

B. When using this non-invasive radio-
nuclide technique, characteristic
hemodynamic differences were found
in subjects with high and low cardiac
performance and in patients with pri-
mary hypertension.

C. Groups of patients with primary hyper-
tension were studied before and during
treatment with different antihyperten-
sive drugs, using a system of radionu-
clide techniques based on out-patient
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measurements. The changes in cardiac
output, plasma volume, circulation
times, effective renal plasma flow,
renin and aldosterone as measured
with these techniques, illustrated a
complexity of effects when the blood
pressure was reduced with these drugs.

D. Ranking of the usefulness of the anti-
hypertensive drugs on the basis of the
present investigation, is not possible.
Effects on the local tissue blood flow,
the kidney blood supply, the intercel-
lular fluid volume and its composition
and the cellular function during treat-
ment need attention. The simple re-
cording of blood pressure is in this
respect inadequate. The present meth-
od gives some answers, but further re-
finement and supplementation are
necessary in order to obtain a guidance
of drug therapy in the individual
hypertensive patient, a matter of con-
siderable consequence medically as
well as economically in this life-long
disease.
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Evaluation of a Computerized Technique for Determination
of Cardiac Output and Central Circulation Times Using
Gamma Camera and 113mIndium

D. FALCH & N. NORMAN
Hormone and Isotope Laboratory,
Aker Hospital, Oslo, Norway

Falch, D. & Norman, N. Evaluation of a Computerized Technique for De-
termination of Cardiac Output and Central Circulation Times Using Gamma
Camera and n3mIndium. Scand. J. din. Lab. Invest. 34, 207-214, 1974.

A method for quantitative radiocardiography using a gamma camera, multi-
channel analyser, computer, and magnetic tape recorder is presented and
evaluated. [U!imIn]transferrin (a pure gamma emitter with an energy of 392
KeV, half-life of 99.S min) has been used as the intravascular tracer. This
has some advantages over 131I-human serum albumin and U!)Tc-humaii serum
albumin. The cardiac output was determined simultaneously by radiocardiog-
raphy and an ordinary indicator dilution technique based on continuous
sampling of arterial blood. The coefficient of correlation between the results
of the two methods was 0.96. The mean pulmonary circulation time could
be selectively determined. It was 4.90 sec (S.D. 0.84) in 14 healthy subjects,
which represented 75.8 per cent of the interventricular circulation time. The
mean pulmonary blood volume in the 14 subjects was 297 ml/m"- (S.D. 38)
and the mean pulmonary plasma volume 179 ml/m2 (S.D. 21), or 11.1 per
cent (S.D. 1.7) of the total plasma volume. The presented method is rapidly
performed without stress for the patient, can be repeated at frequent intervals,
and gives reliable information about cardiac function and pulmonary circula-
tion.

Key-words: Blood volume; multichannel analyser; plasma volume; pulmonary
blood volume; pulmonary plasma volume; radiocardiography

Dagfinn Falch, M.D., Hormone and Isotope Laboratory, Aker Hospital, Oslo,
Norway

Stewart in 1897 (19) introduced the dye dilution
technique based on the sampling of arterial blood
for the determination of cardiac output. The
introduction of radioactive tracers as indicators
has made it possible to measure the cardiac out-
put by precordial recording (4, 6, 8, 12-15) by
the same dilution principle. Compounds com-
monly used have been human serum albumin
labelled with l a iI or " m Tc (1, 12). Recently
methods have been published in which the pre-
cordial recording has been done with sophisticat-
ed equipment consisting of gamma camera,
multichannel analysers, and computers (20, 21).

In the present study the pulmonary plasma
and blood volumes and mean pulmonary circu-
lation time have been calculated on the basis
of a selective method, made feasible by the
instrumentation, and compared with the 'mid-
time' method of Donato (5, 6, 8) and the 'left
peak' method of Giuntini et al. (11). [113mIn]-
transferrin space has been compared to the space
obtained with 125I-human serum albumin.

The possibility of studying the bolus passage
through individual heart chambers allows us to
determine cardiac output on the basis of the
dilution curve for each chamber. The cardiac
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output was determined simultaneously by the
radiocardiographic technique and an ordinary
indicator dilution technique.

[U3mIn]transferrin, a s the labelled intravascular
compound, has been evaluated. Because of the
short half-life (99.5 min) and pure gamma emis-
sion (392 KeV), this tracer gives a very low radia-
tion dose to the patient. For these reasons the
tracer is suitable for repeated investigations in
the same patient.

MATERIAL AND METHODS

The total group subjected to radiocardiography
consisted of 19 healthy individuals (age, 21-31
years) (one determination was only partially
successful) and 12 patients (age, 26-91 years),
Eight of these patients were in compensated
congestive heart failure, three had hypertension,
and one hyperthyroidism.

Twelve of the healthy subjects (age, 21-29
years) and three of the patients (age, 64-76 years)
with cardiac insufficiency were included in the
comparative study of cardiac output by precordial
recording of the radioactivity passage and the
arterial sampling technique.

The mean pulmonary circulation time was
studied in 14 of the healthy subjects by a selective
method.

In the 19 healthy subjects and 10 of the
patients the blood and plasma volumes obtained
by [11MnIn]transferrin and l25I-serum albumin were
compared.

Instruments

The gamma camera (Nuclear Chicago, Pho-
Gamma III) was fitted with a parallel hole col-
limator (360 KeV, 1,000 holes). The camera out-
put was transferred to a multichannel analyser,
individual frames being stored on magnetic tape
(Nuclear Data, SO/SO system). Recording, storing,
and play-back functions were effected by a
computer (PDP 8L). The necessary programs
were supplied on punched tape (basic program,
dynamic tape functions, data manipulation,
light pen). Communication with the computer
was via teletype.

The set-up permitted recording and storage of

sequential full frames of the multichannel analyser
at 0.3-sec intervals without loss of impulses from
the gamma camera. Areas of interest from the
bolus passage through the heart chambers could
be selected (x,y coordinates, light pen) and played
back in integrated form with print-out in counts
per time interval or diagrammatically as activity
curves with time. The areas under selected parts
of the curves were obtained directly from the
machine. Accumulation of total frames obtained
during the bolus passage was possible for any
time interval and could be photographed from
the multichannel analyser display.

ii3m]n u s e d j n t n e dynamic studies was eluted
from a sterile generator (Amersham). It is a pure
gamma emitter (392 KeV) with a half-life of
99.5 min. The radiation dose to the whole body
is 10-16 mrad and to the kidney 100 mrad for a
dose of 1 mCi (2). These doses are almost the same
as for [B9mTc]pertechnetate (18). This maybe
compared with the natural radiation dose of
about 100 mrad during a year. The loss of the
radiation from passage through tissues is limited
(16). These qualities allow a generous dose and
repeated examinations in the same patient.
Exacting time corrections were necessary for all
ii3min measurements due to the short half-life
of this isotope.

113mIn is bound to serum transferrin and
remains in the vascular compartment for an
adequate time period after intravenous injection
(22).

125I-human serum albumin [ia5I]HSA (Insti-
tutt for Atomenergi, Kjeller, Norway) was used
for plasma and blood volume determination, for
comparison with the results obtained with
[U3mIn]transferrin. Pulse height analysers on all
instruments permitted counting exclusively of
113mIn in the presence of 125I. Counting of blood
and plasma was done in an automatic gamma
well counter (Nuclear Chicago).

Procedure

After a rest period of about 60 min a poly-
ethylene catheter, 30 cm long, was positioned
through the cubital vein, with the tip in the
proximal part of the axillary vein on the right
side. A short catheter was placed in the cubital
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vein of the left arm. An additional catheter was
positioned in the brachial artery of the right arm
in 15 of the subjects.

The subjects were placed in the supine position.
The camera head was tilted to a left oblique
position of 45°, parallel tc the longitudinal body
axis, during the uptake. Fixed recording geometry
during the 10 min of the study was secured with
markers on the chest wall of the patient and on
the camera head. 10 [i.Ci [ia5I]HSA was injected
intravenously, and blood samples were drawn
after 10 min. Thereafter a bolus of 6-9 mCi
l l3mIn in a volume of less than 3 ml was injected
rapidly through the catheter in the right axillary
vein. During the following 60 sec, frames were
collected for 0.3-sec periods on the multichannel
analyser and stored sequentially on the magnetic
tape. Blood samples were collected simultaneously
at 0.7-sec intervals through the arterial catheter
in the 15 subjects mentioned. An additional
60-sec time frame was collected and stored on
the tape 10 min after the bolus had been given.

A blood sample was drawn through the short
catheter tor determination of the radioactivity of
[liamIn]transferrin in blood and plasma, during
this last 60-sec recording at 10 min after injec-
tion. The tracer is uniformly distributed in the
vascular system at this time, and the blood
sample taken from the cubital vein is represen-
tative of the specific activity of the total blood
pool.

Electrocardiographic recordings were made
during the first 60 sec of the study.

Calculations

The cardiac output was calculated according
to the following formula (7):

C(t)dt
- f I (t) dt / I ( t ) d t
•

Io is the injected dose in counts/min (c.p.m.).
Vo is the volume in millilitres in the cardiac or

vascular compartment within the selected area
of interest. This volume was calculated from
the total cp.m. of the area of interest at intra-
vascular equilibrium (10 min after injection of

the tracer) and the specific activity (counts-
min"1- ml"1) of the tracer in the blood at that
time. The counts from the area of interest at
equilibration time obviously also derive from
blood in front of and behind the heart muscle.
The factor of 0.83 ('heart fraction') as calcul-
ated by Lewis et al. (12) was used initially to
obtain the net intracardiac volume, the Vo of
the first passage of the radioactive bolus.
Later, as a result of our own studies, it has
been possible to evaluate this factor further.

C is the count rate per miliilitre of blood from
the area of interest during the bolus passage
(at this time the bolus is contained in the
volume Vo).

1 (t) dt is the integrated radioactivity time
curve from the volume Vo obtained from the first
passage of the bolus (A1+A2 , Fig. 1). The actual
figures pertaining to each period of count collec-
tion during the bolus passage were printed from
the magnetic tape. The figures must be plotted
on semilog paper for determination of the down-
slope of the curve and thereby the half-time
(T/2) of disappearance in the first bolus passage.
A! is directly obtained as the sum of period counts
during this phase; A2 is calculated from the

la T/2
formula ——— (Fig. 1).

In 2

Cardiac output from the control study using
the arterial sampling technique was calculated
from the counts per gram of the samples. Simp-
son's formula (17) was used to obtain the deter-
mined integral.

Blood and plasma volumes (125I-human serum
albumin and [113mIn]transferrin) were calculated
from the counts per gram (recalculated to milli-
litres using a specific gravity of 1.06 for blood
and 1.03 for plasma) of blood and plasma in
samples obtained 10 min after tracer injection.
In the standard procedure for haematocrit
determination the blood sample is centrifuged.
This results in a slight plasma trapping (10). The
plasma trapping problem can be entirely avoided
when the venous haematocrit (H) is determined
from the counts in plasma and blood (23) as

follows:: H = ( l - ^ - V 100, where

2 — Scand. J. clin. Lab. Invest.
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Fig. 1. Semilog plot of radioactivity against time.
Ai = area from zero time until start of recircula-
tion; IH = concentration at start of recirculation;
Aa = area under extrapolated concentration curve.

C B is the cp.m./ml of whole blood, and
Cp is the c.p.m./ml of plasma (23).

The blood volume (BV) was calculated from
the plasma volume (PV) by the formula:

BV=-
PV100

100-Q.9H
(3).

For the calculation of CO (based on the determi-
nation of Vo) the haematocrit value in the intra-
cardial blood and that of the cubital vein were
considered to be identical.

Areas of interest for the right ventricle, the
base of the pulmonary artery, the left atrium, and
the left ventricle were selected by means of the
light pen (or x,y coordinates) on the accumulated
pictures of the heart during the bolus passage.
For the ventricles it was possible to select areas
of interest which did not contain activity from
adjacent or superimposed chambers. For the
pulmonary artery or left atrium a completely
separate recording was more difficult to obtain.
The mean circulation time between these regions
was measured by reading the time intervals be-
tween the peaks of the dilution curves generated
from the areas of interest. The time between the
peaks of the dilution curves generated at the base

Fig. 2. Photos of information collected during the
first passage of the tracer through (top) the right
ventricle, (middle) the left ventricles, and (bottom)
the two ventricles (combined), with the selected
areas of interest superimposed.

of the pulmonary artery and that generated in
the left atrium was compared with the mean
pulmonary circulation time obtained with the
'mid-time' method of Donato et al. (6, 8) and with
the 'left-peak' method of Giuntini et al. (11) in I

I
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Table I.

Sex

F
M

Results

n

9
9

* obtained

Age
years

22.9±2.7
25.8±2.7

with U3mlndium in 18 healthy subjects.

CO
1

6.07±l,20
7.89±1.26

CI
l/ma

3.69+.0.83
4.08±0.58

SV
ml

81.1±8
108.5±9.5

Mean ±S.D.

BV
ml/kg

75.3±6.3
75.5±11.9

PV
ml/kg

47,9±3.6
44.5±7.9

1VCT
sec

5.9±l.l
6.7+1.3

• CO=cardiac output; Cl=cardiac index; SV=stroke volume; BV=blood volume; PV=plasma volume;
lVCT=circulation time from right to left ventricle (the time between the peaks of the dilution curves).

14 healthy subjects, In addition, the mean
circulation time between the right and the left
ventricles (IVCT), determined as the time
between the peaks of the dilution curves for the
right and the left ventricles, was compared with
that calculated on the basis of the mean transit
time for each ventricle (9), (The mean transit
time is indicated by a line parallel to the ordinate
axis, dividing the area under the dilution curve
and its extrapolation into two equal parts.)

RESULTS

Fig. 2 shows the accumulated frames collected
during the first passage of the bolus through the
heart and aorta and the selected areas of interest
using the x,y coordinates.

Table I lists the calculated values for the cardiac

I/rain

5 2

Cardiac output

n = 1 S
y = 1003»-01H
t = 0 96

2 4 6
Based on the arterial concentration

8 l/min
curve

Fig. 3. Correlation between the cardiac output
values obtained with precordial counting and arte-
rial sampling. ( • = male; O = female; X = pa-
tients with cardiac failure.)

output, cardiac index, stroke volume, blood
volume, plasma volume, and the mean circula-
tion time between the right and the left ventricles
(time between the peaks of the dilution curves for
each ventricle) in nine healthy women and nine
healthy men.

Fig. 3 shows the correlation between the cardiac
output values obtained with precordial counting
and arterial sampling in 12 healthy subjects and
3 patients with congestive heart failure. In these
calculations the dilution curve for the left
ventricle and a correction factor ('heart fraction')
(12) of 0.83 for Vo were used. The cardiac output
determined with the precordial counting averaged
6,508 ml/min and those with arterial sampling,
6,625 ml/min.

Using the cardiac output values obtained on
the basis of the arterial sampling as a standard
of reference, correction factors for Vo for different
areas of interest in the radiocardiographic proce-
dure could be calculated. The calculated factor
for the right ventricle was 0.624 (S.D. 0.078);
for the left ventricle, 0.825 (S.D. 0.051); and for
the right and the left ventricles combined, 0.835
(S.D. 0.058).

Using these factors, the cardiac output values
calculated for the left ventricle were compared
with those for the right ventricle (»=30) and with
those for the right and the left ventricles combined
(n=29). The coefficient of correlation was 0.91
and 0.98, respectively.

The mean circulation time determined in 14
healthy subjects was 0.78 sec (S.D. 0.39) between
the right ventricle and the base of the pulmonary
artery, 4.90 sec (S.D. 0.84, S.E.M. 0.22) be-
tween the base of the pulmonary artery and the
left atrium, and 0.64 sec (S.D. 0.37) between the
left atrium and the left ventricle.

The mean pulmonary circulation time was
75.8 per cent (S.D. 8.8) of the interventricular
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transit time (the time between the peaks of the
dilution curves for the two ventricles). The mean
pulmonary circulation time calculated by the
'mid-time' method (S, 6, 8) averaged 5.08 sec
(S.E.M. 0.24), and with the 'left-peak' method
(11), 4.45 sec (S.E.M. 0.27). Statistically there
was no significant difference between the values
obtained with the three methods for determina-
tion of pulmonary circulation time. Neither was
there a significant difference between the inter-
ventricular circulation time determined as the
time between the peaks of each ventricle (mean,
6.49 sec (S.E.M. 0.27)) and that calculated on
the basis of the mean transit time for each ven-
tricle (mean, 6.79 sec (S.E.M. 0.49)) (/><0.5).
The coefficient of correlation between these
values was 0.86.

The pulmonary circulation time calculated as
heart cycles was 6.2 beats/min (S.D. 0.8).

The pulmonary plasma volume in the 14
healthy subjects, calculated by multiplying the
cardiac output for plasma per sec with the mean
pulmonary circulation time (determined with the
presented method), was 179 ml/m2 (S.D. 21), or
11.1 per cent (S.D. 1.7) of the total plasma
volume.

Since the velocity of erythrocytes is greater
than that of plasma in flowing blood, determina-
tion of indicator concentration ([U3mIn]trans-
ferrin) permits estimation of pulmonary plasma
volume but not pulmonary blood volume.
Assuming that the mean haematocrit in the
pulmonary vessels is 10 per cent lower than that
determined in blood from the cubital vein, the
pulmonary blood volume can be determined
from pulmonary plasma volume in the same way
as total blood volume from total plasma volume.
The calculated value for pulmonary blood
volume in the 14 healthy subjects was 297 ml/m2

(S.D. 38).
In Fig. 4 the correlation between blood volume

determined with [1281]HSA and [llMnIn]trans-
ferrin is shown. Correspondingly for the plasma
volumes, the coefficient of correlation was 0.93.

DISCUSSION

The reference procedure for determination of
cardiac output based on arterial sampling rests

C/3
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1 7 III3 4 5
Measured with " 3 m l n

Fig. 4. Correlation between the blood volume
values determined with '-5I-human serum albumin
and [u:tmln]transferrin.

on an old and well-recognized principle. Fig. 3
shows that this method and the radiocardio-
graphic technique produce essentially equal
results.

Since the radiocardiographic procedure made
use of the same injected radioactivity as the
control measurement based on arterial sampling,
errors connected with the injection of tracer
would not be detected in the correlation studies.
The plasma and blood volume studies do, how-
ever, provide some information with regard to
this, as the [l25I]HSA was given independently
of the U3mIn. The excellent correlation between
these two methods excludes any major error
connected with the injection.

When counts are accumulated from the area
of interest during 60 sec at established equilibrium
of the radioactivity in the vascular space, radio-
activity outside the heart cnambers is also
included in ths measurement. To obtain the net
count from the heart, Lewis et al. (12) calculated
a correction factor on the basis of simultaneous
determinations of cardiac output with the direct
Fick method and the [131I]HSA radiocardiogram.
A factor of 0.835 was found when the radio-
cardiography was performed in the anteroposteri-
or projection.

Mariani et al. (13) used an empirical factor of
0.85 for the same projection. The factor was
established by subtracting the counting rate over I

I
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1

I
1

the thigh from the precordial counting rate, both
counts obtained after equilibration.

If the right and left ventricles were observed
without overlap, the correction factor for V° to
be used for determination of CO from the
combined area of interest from the left and right
ventricles should be a value between 0.624
(calculated correction factor for the right ven-
tricle) and 0.825 (calculated correction factor for
the left ventricle). On the other hand, if the right
and the left ventricles were completely super-
imposed, the correction factor would be a value
higher than 0.825, In the projection used there
was a partial superimposition, and the calculated
factor for the combined ventricles was 0.835. The
correction factor therefore depends on the
projection as well as on the cardiac compart-
ments that are used for the CO determination.
The choice of collimator also enters into the
correction factor problem, since the collimation
affects the amount of extracardial tissue that is
included in the measurements. For this reason
the parallel hole collimator used with the gamma
camera has advantages.

An additional geometrical problem of the
system must be considered in the calculation of
Vo. The loss of radioactivity during the passage
of the gamma radiation through the tissue to the
collimator depends on the energy emitted by the
tracer and the distance to the crystal (16). With
decreasing energy of the gamma emitter used,
the counting efficiency of the radioactivity from
the precordial tissue, the heart, and the tissue
behind the heart will be increasingly different and
falling. If the geometric conditions during the
first passage of the bolus is described by the
factor g,, and the corresponding factor at equilib-
rium is g2, the formula for the calculation of
cardiac output can be written:

CO=
(Al+A2) g l "

gi and g2 are difficult to calculate for each
patient, and the conditions should be chosen so
that gi=g2 . In essence this implies that the
uptake from the radioactivity in the precordial
tissue at equilibration time (little amount, high
counting efficiency) should be balanced by the

uptake from the radioactivity in the tissues
behind the heart (more radioactivity but lower
counting efficiency).

The ratio between the distance from the pre-
cordial skin surface to the anterior inner surface
of the ventricles and that from the posterior
inner surface of the ventricles to the skin surface
of the back in the anterior oblique projection
indicate that the uptake from the precordial
tissue is of the same order of magnitude as that
from the retrocordial tissue. Since the extra-
cardiac radioactivity amounts to only 17 per
cent of the total, errors from this source can
therefore reasonably be ignored when 113mIn is
used. Because of the low energy of 08Tc, the above
considerations of counting geometry makes it
less suitable for use for the present purpose.

The energy - and counting efficiency - for
m I is of the same order as for m m ln . Since the
psysical half-time for m I is 8 days and for
ll3mIn is 99.5 min, the latter tracer has advantages.

The values for pulmonary transit time and
pulmonary blood volume obtained with the
presented method are in excellent agreement
with those obtained using the 'mid-time' method
of Donato et al. (5, 6, 8). They also agree with
the values presented by Giuntini et al. (11).
Using the mean pulmonary circulation time
determined with the 'left-peak' method as a
standard of reference, there seems to be a ten-
dency to overestimation when this method is
used. The explanation may be that the left
atrium is partly included in the determination.

In healthy subjects there was no difference
between the interventricular circulation time
determined as the time between the peaks of the
dilution curves for the ventricles and the time
calculated on the basis of the mean transit time
for each ventricle. In patients with cardiac insuf-
ficiency and pulmonary congestion, however, the
latter method for determination of interventricular
circulation time is to be preferred because of the
asymmetry of the dilution curves.

It is well known that the mean velocity of
erythrocytes is greater than that of plasma in
flowing blood. Since the tracer used is a plasma
label, the determination permits a direct estimate
of plasma volume and not of blood volume in
the lungs. The pulmonary blood volume, how-

7
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ever, can be calculated on the basis of the
pulmonary plasma volume, assuming that the
mean haematocrit in the pulmonary vessels is
10 per cent lower than that determined in the
blood from the cubital vein.

It can be concluded that quantitative radio-
cardiography is rapidly performed, without
stress for the patient, and gives important and
valid information about cardie output, central
circulation times, and pulmonary plasma and
pulmonary blood volumes. The use of a gamma
camera and a computerized system as described
allows for a detailed analysis of the circulation
through the individual heart chambers.
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Pulmonary Blood Volume and Interventricular Circulation Time
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Summary. Resting pulmonary plasma and blood volumes (PPV and PBV), inter-
ventricular circulation time (IVCT), cardiac and stroke index (CI and SI), heart
rate (HR), total plasma and blood volumes (PV and BV) were determined in
athletes (two male groups representing different types of sport activities, and one
female group) and compared with those of non-athletes (one male and one fe-
male group).

In addition to high maximal aerobic power, the athletes were characterized
by greater SI, BV and PV and lower resting HR than non-athletes. PPV and
PBV were significantly larger and IVCT significantly longer in the trained than
in the untrained groups, probably reflecting an improved capacity of the pul-
monary circulation. PPV as per cent of PV was almost equal in all the groups,
indicating the same distribution of plasma between the pulmonary and systemic
circulation. The data also indicate that total blood volume is an important deter-
minant of the magnitude of the pulmonary vascular bed. The increased volume
of flowing blood and increased stroke volume in athletes probably allows for a
reduction in flow velocity and thereby a reduction in kinetic energy.

Key words: Pulmonary circulation — Blood volume — Pulmonary plasma vol-
ume — Interventricular circulation time — Athletes — Physical fitness

I In acute studies the pulmonary vessels during rest seem to behave as a system of low
distensibility after acute infusion of plasma expanders [7, 10, 13, IS, 17]. During
increased cardiac output elicited by dihydralazine [5] and reduced cardiac output

I elicited by propranolol, pulmonary plasma volume is unchanged [6]. On the other
I hand, pulmonary blood volume increased 50% in five patients with polycytemia vera

[14]. This might indicate that the pulmonary vessels increase their dimensions con-
comitantly with the systemic vessels during hemodynamic adaptation to slowly in-
creasing blood volume.
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Compared to physically untrained subjects, athletes have increased blood vol-
ume in relation to body weight [12]. In the present investigation the relationship
between the total and the pulmonary plasma volume was studied in addition to the I
velocity of plasma flow and cardiac output. The measurements were performed •
during rest in the supine position and a comparison between trained and untrained
subjects was undertaken. I

Materials and Methods

Five different groups were studied. The groups were composed as follows:
I. Ten untrained male medical students.
II. Four male middle distance runners and seven male rowers, regularly participating in competi-

tions lasting less than 7 min.
III. Ten male cross-country skiers, regularly participating in competitions lasting from

'/2-3 h.
IV. Nine untrained female student nurses.
V. Eleven well trained female students from the Norwegian College of Physical Education and

Sport.
The subjects of group I and group IV were all physically active, but did not take part in any

systematic physical training. The rowers and some of the skiers were among the international top
performers of the sport in question. Table 1 gives physical characteristics of the five groups.

In order to evaluate the athletes with respect to their state of physical training, their VO2 max was
determined during the performance of the sporting activity in which they had specialized.

Determination of Hemodynamic Values

The hemodynamic study was performed within 1 week before or after the determination of KO2 max. I
After a light breakfast and no previous exercise, the subjects were received in the laboratory at 9.00 |
a.m. The study was undertaken after a rest period of 60 min in the supine position.

Cardiac output was estimated with a radioisotope technique employing a gamma camera, a PDP
8L computer for rapid sequential uptake and data handling and """Indium (In) transferrin as the 1
intravascular label, as previously published [4]. The method permitted recording and storage of sequen- |
tial full frames at 0.3 s intervals of the "3mIn bolus passage through the heart chambers. The data was
played back in integrated form as activity curves with time [4], Blood and plasma samples were drawn
10 min after the bolus injection. I

The cardiac output (CO) was calculated from the dose of "3mIn given and the integrated form of I
the time-activity curve generated over the heart, and the specific activity of II3mIn in blood at the same
time [4—6]. Similarly the blood and plasma volumes were calculated from the dose of "3mIn given and
the specific activity in blood and plasma. I

The cardiac output of plasma (COpl) was calculated as follows: COpl (1/min) = CO • C,,/Cp, where I
CO (l/min) is cardiac output of blood, Cb ist the CPM/ml of whole blood and Cpl is the CPM/ml of *
plasma. Some of the estimated parameters were converted to index values corrected for body surface
area (BSA) as follows: CI = CO/BSA (1/min • m2), SI = SV/BSA (ml/stroke • m2).

The IVCT was determined as the time in seconds between the peaks of the dilution curves gener-
ated for the right and the left ventricles [4], Pulmonary circulation time (PCT) was determined with the
"leftpeak" method of Giuntini et al. [9].

The PPV (ml/m2) was calculated as the product of the CIp, per s and the PCT determined in s. The -y
PPV • 100 \

PBV was calculated from PPV as follows: PBV (ml/m2) = assuming that the hema- V

tocrit (HCT) in the pulmonary vessels is 10% lower than that determined in blood from the cubital
vein [4]. - r
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Table 1. Physical characteristics of the Experimental groups (Mean ± SEM)

Group Sex N Age
(years)

Body length
(cm)

Body weight
(kg)

I
II
III
IV
V

M
M
M
F
F

10
11
10
9

11

25.8 + 2.6
27.4 ± 3.4
28.7 ± 2.3"
22.9 ± 2.7
23.8 ± 2,7

181.5 ± 1.7
187.7 ± 2.2"
182.4 + 1.9
169.8 + 2.0
169.8 + 1.2

73.5 ± 2.3
82.2 ±3.1"
75.3 + 2.0
58.4 ± 2.5
60.0 ± 1,7

Group Sex N Body surface
area (m2)

Physical
condition

Duration of
competition

I
II
III
IV
V

M
M
M
F
F

10
U
10
9

11

1.92 + 0,09
2.06 + 0.16"
1.96 ±0.10
1,67 ± 0.25
1.66 ± 0.25

untrained
trained
trained
untrained
trained

< 7 min
'/2-3 h

varied

Significantly different from the corresponding values of group 1 (P < 0.05)

Determination of Aerobic Power

Maximal aerobic power of the athletes was determined during running or rowing for group II, and
during cross-country skiing for group III and V. The VO2 max during running on the treadmill was
determined according to Astrand and Rodahl [1]. The measurements during rowing and skiing were
performed in essentially the same way, but the equipment was modified so that it could be carried by
the subject without interfering with bodily movements during the performance of the individual's sport-
ing activity [22].

Treadmill Running. The runners were tested on a motor-driven treadmill with an uphill inclination of
3°. After a warming-up period of 15-20 min, the velocity was gradually increased and adjusted so that
the running time at maximal speed was 4—5 min. Expiratory gas volumes were collected during the last
1 '/2 min of the work period. The oxygen and carbon dioxide contents were determined by passing a
dried sample through a direct-reading paramagnetic oxygen analyzer (Beckman E2) and an indirect
reading infrared carbon dioxide analyzer (Beckman IR 215A). The performance of these instruments
was frequently controlled by concurrent gas analyses employing the Scholander technique |21]. The
volume of expired air was recorded by a wet-gas meter and the ventilation volume converted to
standard temperature and pressure, dry (STPD). HR was recorded telemetrically using a tripolar chest
electrode arrangement.

Rowing and Skiing. During rowing and cross-country skiing the gas collection equipment (Douglas
bag, conducting tubes and respiratory valve) was carried by the subject but arranged so that the
athletes were able to move freely in a technically correct manner. The valve of the expiratory gas
conducting tubes was placed on the lower part of the chest, and could be operated telemetrically from a
distance of up to 150 m. A thorough warming-up period of 15-20 min preceded the maximal work-out,
which lasted for 4-5 min and consisted of rowing at high intensity and sprinting uphill on an even ski-
track, respectively. One expiratory gas volume was collected during the last '/2-l min of the work
period. These measurements were performed twice on each subject.

All probability values are derived by applying the Student's /-test for unpaired data. The calcula-
tions were performed with a COMPUCORP 445 programmable table computer.
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Results

Table 2 shows the VO2 max and HR of the trained groups (II, III, and V). There was
no statistically significant difference in VO2

 m a x between group II and III when
determined in l/min, but when the values were corrected for body weight, a signifi-
cant difference was found (p < 0,01), the cross-country skiers having the higher
maximal aerobic power.

Table 3 presents the CI, SI, HR, and IVCT obtained during rest in the five
groups. The hemodynamic values for nine subjects of group I and for all of group IV
have been reported earlier [4]. As can be seen, there was no difference in cardiac
index between the trained and untrained subjects. The stroke index was significantly
increased and heart rate decreased in the athletes compared to the non-athletes. This
is in agreement with the observations of Bevegard et al, [2], The velocity of plasma
flow in the athletes was significantly slower than in the non-athletes.

Table 4 gives the values for PBV, BV, PPV, PV, PPV in per cent of PV and
HCT, Both total blood- and plasma volumes and pulmonary blood- and plasma
volumes were higher in the trained than in the untrained groups. The PPV as per
cent of PV was, however, almost equal in all the groups.

Table 2. Maximal aerobic power {VO2 max), maximal heart rate (HR max) of the athletes (Mean +
SEM)

Group K) j max ft>2 max HR max ;
(ml/kg -min) (l/min) (beats/min) .

II 66.2 ±0.7 5.44 ±0.21 186.1 ± 2.7

III 77.1 + O.8b 5.72 ±0 .13 181.6 + 2.4 [

V 60.0+2.3 3.57 + 0.15 187.3 ± 2.7

* Significantly different from the corresponding values of group II ~T
b =p < 0.01

Table 3. Cardiac index (CI), stroke index (SI), heart rate (HR), and interventricular circulation time
(IVCT) in non-athletes (I, IV) and athletes (II, III, V) (Mean ± SEM)

Group

I
II
III
IV
V

CI
(l/min • m2)

4.120 ± 0.207
3.742 ± 0.235
4.055 + 0.427
3.688 + 0.275
3.340 ± 0.358

SI
(ml/m1)

56 + 2
67±3C

74±6C

49+ 1
62 + 4d

HR
(beats/min)

73.8 ± 2.9
56.2 + 2.4C

54.4 ± 3.0°
75.7 + 5.8
52.9 + 2.6b

IVCT
(s)

6.6 ± 0.3
9.0 + 0.5c

10.2 ± 1.2°
5.9 ± 0.6
9.7 + 0.7d

" Significantly different from the corresponding values of group I
b Significantly different from the corresponding values of group IV
» = " = p < 0 . 0 5
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I
I
I
I
I
I
I
I
I
I

Table 4, Pulmonary blood volume (PBV), pulmonary plasma volume (PPV), total blood volume (BV),
total plasma volume (PV), PPV as per cent of PV and hematocrit (HCT) in non-athletes (I, IV) and
athletes (II, III, IV) (Mean ± SEM)

Group

I
II
III
IV
V

PBV
(ml/m2)

282 + 17
356 ± 27"
372 ± 16C

239 + 22
344 + 27"

PPV
(ml/mz)

169 + 10
211 + 16C

229 ± 12"
150+13
202 + 13d

BV
(ml/kg)

76 ± 4
95±4 C

98 ±5°
75 + 2
85 + 3"

PV
(ml/kg)

45 + 2
56±2C

60 + 4c

48 ± 1
54 + 2"

PPV • 100/PV
(%)

10.2 ± 0.7
9.5 + 0.6
9.3 + 0,5
9.6 ± 0.8

10.6 + 0.7

HCT
(%)

45.9 ± 1.3
43.5 ± 1.0
42.3 ± 0.7°
40,6 + 1.0
40.3 ± 1.6

a Significantly different from the corresponding values of group I
b Significantly different from the corresponding values of group IV

=,*=/>< 0.01
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Fig. 1. A linear plot of the relationship between interventricular circulation time of plasma and heart
rate during rest

The mean HCT of group III (42.3%) differed significantly from that of group I
(45.9%). Between groups II and I, and between IV and V there were no statistical
differences.

The mean values for PBV, PPV, BV, PV, CI, SI, IVCT were higher and HR
lower in group III than in group II, but the difference for each of the variables was
not statistically significant.

Figure 1 illustrates in a linear plot the relationship between IVCT and HR during
rest.
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Discussion

The high maximal aerobic power of the trained subjects, and especially of the cross-
country skiers, is in agreement with previous observations of Saltin and Astrand
[20]. VOZ max was not measured in the untrained subjects, but the maximal aerobic
power is usually about 40 ml/kg-min in corresponding groups [11].

The mean values of PBV of the untrained subjects (282 ml/m2 for the males and
239 ml/m2 for the females) are comparable to those estimated in hemodynamically
normal subjects by others [8, 9, 16, 19],

Since in our study the measurements were performed on the basis of a radioac-
tive tracer bound to a plasma protein [4], the observed results are those of pulmo-
nary plasma volume and circulation time for plasma. The mean hematocrit in the
pulmonary vessels is difficult to measure in the individual subject and may vary.
Plasma volume measurement may therefore be preferable to blood volume as an
indicator for dimensional changes of the pulmonary vascular bed.

In the present study PPV and PBV were found to be significantly larger and the
mean velocity of plasma flow significantly lower in the trained, than in the untrained
subjects. The pressure in the pulmonary circulation was not measured in our study.
Bevegard et al. [2], however, found that pulmonary arterial pressures of athletes at
rest were within the same range as in non-athletes. However, they did not measure
pulmonary blood volume or interventricular circulation time.

The values for PPV as per cent of PV indicate the same distribution of plasma
(and probably also of blood) between the pulmonary and the systemic circulations in
trained and untrained individuals. The total plasma and blood volumes therefore
seem to be important determinants of pulmonary plasma- and blood volumes. In
other words, the data demonstrate that the intrapulmonary blood volume varies in
proportion to the total blood volume, indicating a fairly uniform enlargement of the
vascular system in response to physical endurance training.

The significantly increased circulation time of plasma in the pulmonary vessels
during rest in the trained as compared to the untrained subjects can hardly be
explained by a difference in body size and an associated increased length of the
pulmonary vessels. Variations in viscosity also seem unlikely, since only small differ-
ences in HCT between the groups were observed.

The average velocities at any points in a system of tubes or vessels is inversely
proportional to the cross-sectional areas of the tubes. Consequently, an increase in
the number of vessels open for flow or an increase in the diameter of each pulmo-
nary vessels might explain the observed reduction of velocity in plasma flow and
increased plasma volume in the athletes. From this study it is not possible to distin-
guish between these two possibilities.

By means of radiological techniques, however, Rossi et al. [18] recently ob-
served increased pulmonary vascularity in athletes mainly due to an increase in the
diameter of the pulmonary veins.

As illustrated in Figure 1, there was also an interesting relationship between the
velocity of plasma flow and heart rate. This relationship might be expected since
IVCT « PBV/CI = PBV/HR • SI = (l/HR) • (PBV/SI) as PBV/SI is almost con-
stant (ss 0.05). Assuming a hyperbolic relationship, a coefficient of correlation be-
tween IVCT and l/HR was calculated to be 0.72. Since the kinetic energy (KE) of
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flowing plasma is proportional to the square of velocity (V) (KE = '/2 mv2), the re-
duced velocity in the trained subjects indicates reduced kinetic work of the
heart.
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The Cardiac Response to a Small i.v. Dose of Dihydralazine,
a Safe Drug for Diagnostic Tests?

D. K. Falch and N. Norman

From the Hormone and Isotope Laboratory, Aker Hospital, Oslo, Norway

ABSTRACT. Dihydralazine, given in small i.v.
doses, has been of great value in diagnostic tests for
unilateral renovascular hypertension, where it en-
hances renin release on the affected side. The acute
hemodynamic effects of an i.v. dose of 0.1 mg/kg
b.wt. were studied in 14 patients with essential
hypertension, using a quantitative renographic tech-
nique for determination of effective renal plasma flow
and radiocardiographic technique for determination
of the parameters in systemic circulation. Cardiac
index increased from 4.040 to 6.423 l /minnr
</?<0.01), stroke index from 59 to 66 ml/beat m1

(p<0,05), heart rate from 70.4 to 96.6 beats/min
(/><0.01) and left ventricular work index from 1.04
to 1.49 W/m- (p<0.01), while mean arterial BP de-
creased from 125 to 110 mmHg (p<0.01) and total
peripheral resistance index from 2927 to 1534105-
N • s • m~:> (p<0.01). Effective renal plasma flow and
pulmonary plasma volume were unchanged. Periph-
eral renin activity increased from 0.5 to 1.6 nmol
A,/l-h (p<0.02). It is concluded that even a small
test dose of 0.1 mg/kg of dihydralazine elicits a con-
siderable additional work load on the heart, a
circumstance that must be taken into consideration in
studies of patients with coronary heart disease.

Hydralazinc has a direct action on resistance ves-
sels where vasodilatation (1), and thereby reduction
in BP, is effected. In addition, increased cardiac
output and renal blood flow (2, 5, 7, 15, 16) have
been observed when hydralazine was given in i.v.
doses of 0.15-0.40 mg/kg b.wt. Side-effects
(headache, nausea, palpitations, anginal attacks) (9)
are frequently seen following these doses.

Hydralazine, or the derivative dihydralazine, for
i.v. administration, has been extensively used in
diagnostic tests for unilateral renovascular disease
with hypertension (9, 10, 12, 14) where a stimula-
tion of renin release on the affected side is obtained.

At our laboratory, dihydralazine in a dose of 0.1
mg/kg b.wt. has been proven to be suitable for this
purpose (12). This small dose of dihydralazine also
elicits a lowering of BP and an increase in pulse
rate.

As the patients subjected to the test are middle-
aged, with all degrees of hypertension, and have the
associated incidence of cardiovascular lesions, a
closer study of the additional cardiac load was con-
sidered to be of interest.

PATIENTS AND METHODS

Fourteen patients, 13 males and one female, 19-55 years
of age (mean 42.5), were included in the study. They were
classified as having essential hypertension (stages I or II.
according to the WHO classification) after clinical exami-
nation, urine analyses. ECG, renography, chest X-ray,
determination of peripheral renin activity and in some
cases also urography and renal angiography. None of the
patients took antihypertensive drugs.

The patients were informed in detail of the investiga-
tion procedure, as well as possible side-effects of di-
hydralazine. They volunteered to participate in the
cardiac study, which came in addition to the diagnostic
renographic examination of their kidneys. They came to
the laboratory on two occasions, first for renography and
2-6 days later for radiocardiography. At 8.30 a.m., after a
light breakfast and no previous exercise, they rested for 60
min in the supine position, whereafter the studies were
undertaken.

Renography
The individual kidney 131I orthoiodohippuran (I3II OIH)
clearance, effective renal plasma flow (ERPF), was de-
termined with a renographic technique as described previ-
ously (II, 12). The measurements were performed im-
mediately before and 30 min after an i.v. injection of
dihydralazine in a dose of 0.1 mg/kg b.wt.

Radiocardiography
The radiocardiographic study was performed with a tech-
nique employing gamma camera, a computer for rapid

28-782985 Ac In Mcd Scand 203
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Table I. Hemodynamic parameters immediately
before (C) and SO min after (DH) dihydralazine in
an i.v. dose of 0,1 mglkg b.wt.

Cardiac index
(1/min • m2)

Stroke index
(ml/beat -m2)

Heart rate
(beats/min)

MeanBP(mmHg)

Left ventricular work
index (W/m2)

Total peripheral resistance
index ( l^ -N-s -m" 3 )

Effective renal plasma
flow (ml/min • m2)

Peripheral renin activity
(nmo!A,/l-h)

Pulmonary plasma volume
(ml/m2)

Interventricular circula-
tion time (s)

C
DH
C
DH
C
DH
C
DH

C
DH

C
DH

C
DH

C
DH

C
DH
C
DH

Mean

4.040
6.423
59
66

70.4
96.6
125
110

1.04
1.49

2 927
1 534

294
339

0.5
1.6
190
191

7.3
4.5

S.E.M.

0.280
0.300

4
2
3.4
3.3
3
2

0.06
0,09

174
68

26
21

0.2
0.5

16
14

0.3
0.2

P

<0.01

<0.05

<0.01

<0.01

<0,01

<0.01

>0.05

<0.02

>0.05

<0.01

sequential uptake and data handling, and "3mindium-
transferrin as the intravascular label, as described previ-
ously (3). Blood and plasma samples were drawn 10, 20
and 30 min after the bolus injection. The specific activity
of the tracer in these samples allowed for calculation
of tracer concentration at the time of injection. Radio-
cardiographies were performed immediately before and
30 min after an i.v. injection of dihydralazine in a dose
of 0.1 mg/kgb.wt.

The arterial BP was measured on the arm with a
mercury sphygmomanometer. The same person per-
formed all the BP readings. The peripheral renin activ-
ity (PRA) was determined by a radioimmunoassay tech-
nique for angiotensin I (13).

Calculation
The basis for ERPF calculation was the kidney uptake of
iaiI OIH 1J-2J min after bolus injection. At this time the
renal extraction of I31I OIH is 82% (4). For comparison of
ERPF and cardiac output a corrected flow value of
ERPF/0.82 was introduced. ERPF referred to in the pres-
ent study is the sum of that obtained from each kidney,
and calculated as ml/min • m2.

The calculation of the radiocardiographic parameters
has been described previously (3). The blood and plasma
volumes were calculated from the dose of I13n1In given, the
specific activity in blood and plasma being corrected to
bolus injection time. Cardiac index of plasma (CIP),
ml/min • m2) was calculated from cardiac index of blood as
CIpl=CI • Cb/Cpi, where Cb is the radioactivity of 113mIn

CPM/ml of the whole blood and Cp, the corresponding
radioactivity in CPM/ml of plasma at bolus injection time.
The interventricular circulation time for plasma (IVCT)
was determined as the time between the peaks of the
dilution curves generated for the right and the left ventri-
cles.

Mean pulmonary circulation time (PCT) was calculated
with the 'left peak method' (3, 6). Pulmonary plasma vol-
ume (PPV, ml/m2) was calculated by multiplying the CI,,,/s
with PCT (s) (3). Mean arterial BP (MAP) was calculated
from systolic (SAP) and diastolic (DAP) pressure as
MAP=SAP+2- DAP/3 (mmHg). Left ventricular work
index (LVWI) and total peripheral resistance index (TPRl)
were calculated as follows:

LVWI=[CI (l/min • m2) • MAP (mmHg) 13.6 g/cm2 •
l / I O j . i t W / m ) ,

TPRI=MAP (mmHg) • 80/CI (l/min • m2) (105 • N • s • m"ll=
dyn-s-cm^-m2) ,

where 13.6 is the specific gravity of Hg, 0.16 a converting
factor from kpm/min into watt (W) and 80 a converting
factor from mmHg/1/min into dyn-s-cm"5. Statistical
calculations were performed with a Compucorp 445
calculator, using Student's /-test for paired observations.

RESULTS

Table I lists the changes in the hemodynamic
parameters and PRA elicited by dihydralazine. As
can be seen, cardiac index increased 58.9%, stroke
index 11.9%, heart rate 37.2% and left ventricular
work 43.3%. MAP decreased 11.7%. SAP was
almost unchanged (from 155 to 153 (S.E.M.±3)
mmHg) while DAP was reduced from 110 to 89
(S.E.M. ±3) mmHg. Total peripheral resistance de-
creased 46.8%. ERPF was unchanged, while PRA
increased 220%. IVCT was reduced 38.4%, while
PPV was unchanged.

Nearly all the patients observed transient palpita-
tions and flushing, and some of them also experi-
enced nasal congestion and headache. The discom-
fort was moderate and well tolerated.

DISCUSSION

According to the present concepts (1, 9) the se-
quence of events following direct action of hy-
dralazine and dihydralazine on the resistance ves-
sels is: vasodilatation, reduced BP, increased sym-
pathetic discharge, increased heart rate and cardiac
output. It is also well established (10, 12, 14) that
PRA increases on i.v. administration of this drug.
This effect is demonstrated in our patients with
essential hypertension.

The small test dose of dihydralazine elicited con-
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siderable hemodynamic effects on the systemic
circulation. In spite of a reduction in BP and periph-
eral resistance, the calculated left ventricular work
increased about 43%, due to the large increase in
cardiac output. Anginal attacks after administration
of the drug have been observed in patients with
coronary heart disease (7). The increase in left ven-
tricular work may well have been the cause of these
attacks, and our results indicate that even the injec-
tion of dihydralazine in a small dose of 0.1 mg/kg
b.wt. might be of consequence in patients with
ishaemic heart disease.

The pulmonary plasma volume was unchanged
even when cardiac output, and thereby the amount
of blood passing through the pulmonary vessels per
min, increased about 59%.

Increased renal plasma flow after i.v. administra-
tion of hydralazine has been reported, but at higher
doses. In the present study, the change in ERPF
was not statistically significant in spite of the
marked increase in cardiac output and decrease
in BP. Renal hemodynamic autoregulation thus
seemed to be intact in these patients and with this
dose of the drug.

It is concluded that the increase in cardiac work
calls for restriction in the use of dihydralazine in
patients with ishaemic heart disease. Prom this
point of view it is not an ideal drug to use in a
diagnostic test.
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Falch, D.K., Odegaard, A.E. & Norman, N. Renal plasma flow and cardiac
output during hydralazine and propranolol treatment in essential hypertension.
Scand. J. din. Lab. Invest. 38,143-146,1978.

Eleven patients with essential hypertension were given hydralazine (25 mg b.i.d.)
for 2 weeks, hydralazine and propranolol (80 mg b.i.d.) for the next 2 weeks, and
propranolol alone for the last 2 weeks. The changes in the renal and systemic
circulation elicited by the drugs were studied before start of medication and
bi-weekly during the treatment, using non-invasive radioisotope techniques.
Hydralazine alone did not alter mean arterial blood pressure (MAP), heart rate
(HR), cardiac index (CI), effective renal plasma flow (ERPF), peripheral renin
activity (PRA) and plasma aldosterone (Aldo) but when propranolol was added
MAP fell 15.2%, HR 22.5% and CI 18.4%, while ERPF was unchanged. When
hydralazine was withdrawn and propranolol was given alone, ERPF decreased
13.2%. Plasma aldosterone was unchanged, whereas PRA decreased during
propranolol treatment. The reduction in ERPF elicited by propranolol, was
highly significant (P<0.01). From the test sequence it appears that dihydralazine
prevents this effect of propranolol on kidney function. These findings might have
a direct bearing on the choice of antihypertensive treatment.

Key-words: ^-receptor blockade; vasodilators; effective renal plasma flow;
cardiac output

Dagfinn K. Falch, M.D., Hormone and Isotope Laboratory, Aker Hospital, Oslo
5f Norway

There are few reports on direct measurements of
changes in renal circulation on propranolol
treatment, while the effects on the systemic
circulation in patients with essential hyperten-
sion are well documented [1, 5, 6, 10, 17]. In
acute studies after intravenous injection of
propranolol, reduced renal blood flow has been
observed [12,18].

Hydralazine (or dihydralazine) is known to
reduce the vascular resistance [3, 22] and also
to increase renal blood flow [21, 22].

Since peripheral resistance is increased in all
forms of established hypertension [8, 9] a
combination of /7-blockers and hydralazine
in the treatment of hypertension has been
recommended [15,16].

In the present study an attempt has been
made to obtain measureable evidence for the
effect of the two drugs alone and in combina-
tion during 4 week treatment periods on renal
plasma flow and cardiac output. Series of
determinations were undertaken on each of the
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patients with essential hypertension using non-
invasive radioisotope techiques. In addition
peripheral renin activity and plasma aldos-
terone concentration were measured.

MATERIAL A N D METHODS

Eleven patients (all males) aged 32-60 years,
mean age 48.9 (SD ±11.6) years with the clinical
diagnoses of essential hypertension (WHO
stage I—II) partook voluntarily in the study.
Reference values, mean and SD were as follows:
body length 175 ±6.1 cm, body weight 90.9 ±
20.8 kg, systolic blood pressure 183 ±21 mmHg,
diastolic blood pressure 113 ±8 mmHg, cardiac
volume (X-ray) 432 ±66 ml/m2 and serum
creatinine 111 ±9 /imol/i. Eight of the patients
had never received any antihypertensive treat-
ment, the remaining three stopped medication
more than 4 weeks prior to the control measure-
ments. Before and during the treatment period
they performed their ordinary daily activities,
as the measurements were carried out on an
outpatient basis.

Following the baseline control study hydra-
lazine (Apresoline®) in a dose of 25 mg b.i.d.
was administered during 4 weeks. From the
start of the third week this medication was
supplemented with propranolol (Inderal®) in a
dose of 80 mg b.i.d. The schedule of medica-
tion was therefore hydralazine for 2 weeks,
hydralazine and propranolol combined for
the next 2 weeks and propranolol alone for the
last 2 weeks. On the days of study they were
received in the laboratory at 08.00 hours after
a light breakfast and no previous exercise. The
drugs were taken 2 h before the start of measure-
ments, which were preceded by a 60 min rest
period in the supine position.

Functional studies were carried out four times
with 2 week intervals; before treatment and
before change in medication. The individual
kidney [131I]orthoiodohippuran clearance
(ERPF) was determined with a renographic
technique as described previously [13,14]. Car-
diac output was estimated with a radiocardio-
graphic technique employing a gamma camera,
a Cine 200 computer for rapid sequential
uptake and data handling and 113mIndium
transferrin as the intravascular label, as already
published [4]. Blood and plasma samples were
drawn 10,20 and 30 min after the bolus injec-

tion. The specific activity of the tracer in these
samples allowed for the calculation of tracer
concentration at the time of injection by using
the equation for a mono-exponential function.

Renography and radiocardiography were per-
formed in sequence. Plasma aldosterone and
PR A were measured in Wood samples taken
simultaneously during the renographic study.
The arterial blood pressure was measured
automatically on the arm by Arteriosonde®,

Calculation. The basis for ERPF calculation
was the uptake of [13II]orthoiodohippuran
from l^to 2\ min after bolus injection [14]. The
ERPF referred to in the present study is the sum
of that obtained from each kidney, and calcu-
lated as ml/minm2 [3]. Cardiac output was
calculated as previously described [3, 4].
Cardiac index of plasma (ClPi (ml/minm2)) was
calculated from cardiac index of blood as
CIpi = CI Cb/Cpi where Cb is the radioactivity
of Indium in CPM/ml of the whole blood and
Cpi the corresponding radioactivity in CPM/ml
of plasma at bolus injection time.

Mean arterial blood pressure (MAP) was
calculated from systolic (SAP) and diastolic
(DAP) pressure as MAP = SAP+2 DAP/3
mmHg. In the statistical calculations the Stu-
dent's t test for paired observations was used.

RESULTS

Table 1 gives the change in effective renal
plasma flow, cardiac index, mean arterial
blood pressure, heart rate, peripheral renin
acitivity and plasma aldosterone observed
during treatment with hydralazine and pro-
pranolol separately and in combination.

As can be seen, hydralazine did not alter the
measured variables, but when propranolol was
added the cardiac index fell 18.4%, mean blood
pressure 15.2% and heart rate 22.5% while
effective renal plasma flow was unchanged.
When hydralazine was withdrawn and propra-
nolol was given alone, effective renal plasma
flow decreased 13.2%.

A further illustration of the relationship
between the change in some of these variables is
given in Fig 1. In addition to the change in
cardiac index of plasma and ERPF, the change
in the fraction of cardiac output of plasma
(CIpi) passing through the kidneys (ERPF100/

I
I
I
I
I
I
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Table I. Effective renal plasma flojv (ERPF), cardiac index (CI), mean arterial blood pressure (MAP), Heart rate (HR),
plasma aldosterone (ALDO) and peripheral renin activity (PRA) in the control study (C), during treatment with
hydralazine, hydralazine and propanolol combined and propranolol alone

n ERPF CI MAP HR Aldo PRA
(ml/min.m1) (ml/min.m2) (mmHg) (beats/min) (pmol/l) (nmol AJl-h)

I
I
I
I
I
I
I
I
I
I
I
r

I Control
II Hydralazine
HI Hydralazine+

propranolol
IV Propranolol

11
11

11
10

273±2l
270+17

273+18
237±IS

I-IV*
IU-IV**

3.19±0.16
3.31 ±0.25

2.70+0.15
2,59+0.13

Mil*
I-IV**

Il-Ul*

139+6
138±7

U7±5
115 + 6

I-IIl**
1-1V*

II-Ht**

66.3 + 2.8
69,7+3.3

54.0±l,8
51.6+1.9

I-III**
1-1V**

113 + 21
117+15

95±17
131±24

0.34+0.06
0.47 + 0.06

0.13±0.01
0.18 + 0,02

I-III**
I-IV*

II-III**

Values are given as means+SEM. * P<0.05; ** P< 0.01.

Mean ± SEM

2-0
1-8
1-6

280
260
Z40
220

X

I 2
H+P

FIG. 1. Cardiac index of plasma (CIP1), effective renal
plasma flow (ERPF) and the percent of cardiac index
passing through the kidneys (ERPFI00/CIpl) in the
control study (C), and during treatment with hydra-
lazine (H), hydralazine and propranolol combined
(H+P) and propranolol alone (P). *P<0.05 compared
with the preceeding values.

CIpl) is also given. This fraction was (mean ±
SEM) 15.7 + 1.7% in the control study, 14.4 +
1.0% during hydralazine medication, 17.7 +
1.1% when hydralazine and propranolol were
given and 15.7 + 1.0% when propranolol was
given alone. During combined treatment, the
fraction was significantly increased (i»<0.02)
compared to the values obtained during treat-
ment with hydralazine alone.

Plasma aldosterone was unchanged whereas

peripheral renin activity decreased during
propranolol administration.

D I S C U S S I O N

Propranolol elicited a significant reduction in
effective renal plasma flow concommitantly
with the decrease in cardiac index, heart rate
and blood pressure. This observation is in
agreement with the results from acute experi-
ments in dogs [12] and man [18] after intra-
venous injection of propranolol. The data also
fits with the observation that glomerular
filtration rate is reduced by propranolol [7],

The reduction in renal plasma flow was 13%
whereas cardiac output decreased about 18%.
This might indicate intrarenal haemodynamic
adjustments to the decrease in cardiac output.
This adjustment was, however, not complete
since ERPF was not restored to control values
during the observed lowering of blood pressure
and cardiac output. Thus an interference of
propranolo! with the renal haemodynamic
autoregulation might be present.

Hydralazine in a dose which did not change
the measured variables in the systemic circu-
lation, prevented the propranolol induced
decrease in ERPF. Since MAP was similar on
the combined hydralazine-propranolol treat-
ment and on propranolol alone, the effect
might be mainly on the vascular resistance of
the kidneys.

Peripheral renin activity was unchanged
during hydralazine administration. The daily
dose was probably too small to stimulate renin
release, which is regularly seen after intravenous
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administration of the drug [3, 14]. Decreased
PRA during propranolol treatment is well
documented in the literature [2,11,18] and was
also found in this study. Normally, a reduction
in renal blood flow is a stimulus for renin
release, but this response is presumably sup-
pressed oy propranolol,

Plasma aldosterone was unchanged in spite
of the fall in PRA during propranolol treat-
ment. Under the circumstances the PRA values
were in the low range throughout the study;
the renin-angiotensin axis therefore was rather
inactive in aldosterone regulation. A removal
of the renin stimulus might thus be of little
significance. Reduced metabolization of aldo-
sterone due to change in hepatic blood flow
during propranolol treatment, might also come
into consideration.

The presented data demonstrates that pro-
pranolol causes a reduction in renal plasma
flow concommitantly with the decrease in
cardiac output and blood pressure. Since a
small dose of hydralazine prevented this
decrease of ERPF, the combination of these
two drugs in antihypertensive treatment might
in some situations appear beneficial.
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Decreased Renal Plasma Flow during Propranolol Treatment
in Essential Hypertension

D. K. Falch, A. E. 0degaard and N. Norman

From the Hormone ami Isotope Laboratory, Aki'r Hospital, Oslo, Norway

ABSTRACT. The pharmacodynamic effect of
propranolol (80 nig b.i.d.) on the renal and systemic
circulation was studied after 1 and 8 months of
treatment in 13 patients with essential hypertension,
using non-invasive radioisotope techniques. Effective
renal plasma flow (ERPF) fell from (meant S.E.M.)
244+18 to 208114 after 1 month and to 187+13
ml/min • nv after 8 months of treatment. Concomi-
tantly cardiac index (CD fell from 3.24+0.15 to
2.6210.11 and 2.7510.10 l/min nr, respective-
ly. The coefficient of correlation between the de-
creases in ERPF and CI was 0.49. Mean arterial
blood pressure decreased from 138+5 to 118+5 and
11614 mmHg, respectively. Left ventricular work
was reduced by 30.2 and 27 %, while peripheral re-
sistance was unchanged. Total plasma volume was
increased from 19.310.5 to 20.310.6 ml/cm after 1
month, but was within the same range as the control
values after 8 months of treatment. Pulmonary
plasma volume was unchanged, indicating that there
was no pooling of plasma in the pulmonary circula-
tion. The interventricular circulation time was in-
creased from 6.9+0.4 s to 8.4+0.3 s and varied with
the change in heart rate. It is concluded that the fall
in ERPF might be explained by reduced cardiac out-
put in addition to interference with the hemodynamic
autoregulation in the kidney.

Following i. v. injection of propranolol a fall in renal
blood flow has been observed both in dog (1. 13)
and in man (14, 19).

;In a previous study (5) a reduction of effective
renal plasma flow (ERPF) was also observed in
patients with essential hypertension when blood
pressure (BP) was lowered with propranolol (160
mg/day) given therapeutically for I month. This fall
in ERPF was associated with a reduced cardiac
output, but interference with the hemodynamic au-
toregulation in the kidney could not be excluded.

Considering the very long treatment periods with
propranolol in hypertension, a further study of the

renal and cardiac effects during long-term treatment
was thought to be of interest. ERPF and cardiac
output were therefore measured in the present in-
vestigation during treatment of essential hyperten-
sion with propranolol for 8 months, using our
established, non-invasive radioisotope techniques.
In addition, the total and pulmonary plasma vol-
umes and the interventricular circulation times
(IVCT) were measured.

PATIENTS AND METHODS

Thirteen patients. 10 males and 3 females. 32-61 years of
age (mean 51.4, S.D.±10.2) were included in the study.
They had essential hypertension slages I or II according lo
the WHO classification.

The reference values (mean±S.D.) were as follows:
height I7O.3±8.7 cm, weight 82.6±I3.4 kg. systolic BP
178± 19 mmHg. diastolic BP 1I3±9 mmHg, carciac vol-
ume (X-ray) 440±64 ml/m- and serum creatinine 110± 10
/xmol/l.

Eight patients had never received any antihypertensive
treatment, five discontinued medication more than 4
weeks before the study started.

The investigation was carried out on an out-patient
basis. The patients were received in the laboratory at 8
a.m. after a light breakfast and no previous exercise. The
studies were undertaken after 60 min rest in the supine
position.

After a control measurement of renal and cardiac func-
tion, the patients were given propranolol (lnderal®, ICI)
in a dose of 80 mg b.i.d. The studies were repeated after 1
and 8 months of treatment. On the days of study, the drug
was taken 2 hours before the start of measurements.

Renography
The individual kidney l3ll orthoiodohippuran ('•"[ OIH)
clearance, ERPF. was determined with a renographic
technique as described previously (15, 16).

Abbreviations: ERPF=effective renal plasma flow,
BP=bIood pressure, IVCT=interventricular circulation
time, I3II OIH='31I orthoiodohippuran, Cl=cardiac index,
CIP|=CI of plasma, PCT=pulmonary circulation time,
PPV=pulmonary plasma volume, MAP=mean arterial
BP, LVWI=left ventricular work index, TPRI=total
peripheral resistance index.
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Table 1. ERPF, Cl and MAP before (A) and after propranolol treatment for I month (B) and 8 months IC)

no.

1
2
3
4
5
6
7
8
9
10
11
12
13

Mean
S.E.M,
P

ERPF
(ml/min •

A

201
206
142
245
356
262
262
359
181
302
183
235
269

244
18

m*)

B

150
192
126
163
250
199
266
318
196
243
224
187
191

208
14
<0.02

C

no
174
197
246
201
132
187
264
186
245
139
167
186

187
13
<0.01

Cl
(1/min M

A

2,39
3,29
3.65
3,41
3.34
2.47
3.64
2.60
3.72
3.36
4.15
3,24
2.76

3.24
0.15

m1)

B

2.25
2.68
2,69
2.99
2,72
1.98
2.45
3.03
2.82
3.36
2.31
2.45
2.31

2.62
O.I I

<0.0l

C

1.93
2.21
2.72
2.89
2.92
2.76
3,01
2,88
2.95
2.95
2.72
3.36
2.50

2.75
0.10

<0.()l

MAP
(mmHg)

A

136
139
127
139
193
150
128
127
125
133
142
120
131

138
5

B

118
140
122
140
117
157
no
102
93
99
123
119
95

118
5

<().O1

c

113
131
101
117
126
147
113
119
89
119
115
119
103

116
4

<().()() 1

Radiocardiography
Cardiac output was estimated with a radiocardiographic
technique employing a gamma camera, a Cine 200 compu-
ter for rapid sequential uptake and data handling and
113mindium transferrin as the intravascular label, as de-
scribed elsewhere (3). Blood and plasma samples were
drawn 10, 20 and 30 min after the bolus injection. The
specific activity of the tracer in these samples allowed for
the calculation of tracer concentration at the time of injec-
tion by using the equation of a monoexponentia! function.

Renography and radiocardiography were performed in
sequence. The arterial BP was measured automatically on
the arm by Arteriosonde®.

Calculation
The basis for ERPF calculation was the uptake by the
kidney of 131I OIH 1 | -2 i min after the bolus injection (15,
16). The ERPF referred to in the present study is the sum
of that obtained from each kidney calculated as
ml/min • m2 (4).

The calculation of the radiocardiographic parameters
has been described previously (3, 5). The blood and
plasma volumes were calculated from the dose of 113mIn
given, the specific activity in blood and plasma being
corrected to bolus injection time. Cardiac index (CD of
plasma (CIpb ml/min • m") was calculated from Cl of blood
as CIP,=CI • Cft/C,,, where Cb is the radioactivity of indium
in cpm/ml of the whole blood and Cp, the corresponding
radioactivity in cpm/ml of plasma at bolus injection time.
The IVCT for plasma was determined as the time between
the peaks of the dilution curves generated for the right and
the left ventricles (3).

Mean pulmonary circulation time (PCT) was calculated
as 70% of IVCT. Pulmonary plasma volume (PPV, ml/m2)
was calculated by multiplying the CIp,/s with PCT (s) (3).

Mean arterial BP (MAP) was calculated from sys-

tolic (SAP) and diastolic (DAP) pressure as MAP=
SAP+2-DAP/3 (mmHg).

Left ventricular work inde.x (LVWI) and total peripheral
resistance index (TPRI) were calculated as follows:
LVWI = [CI (1/min • nr) • MAP (mmHg) 13.6 g/cnr-
l/IOOO]-O.l6(W/m2).
TPRI=MAP(mmHg)-80/Cl (1/min-m2) (10r> N-s-m-'=
dyn-s-cnrr'-ma),
where 13.6 is the specific gravity of Hg, 0.16 a converting
factor from kpm/min into watt (W) and 80 a converting
factor from mmHg/1/min into dyn • s • cm"5.

Student's /-test for paired observations was used in the
statistical calculations.

RESULTS

Table I gives the changes in ERPF, Cl and MAP for
the individual patients, elicited by propranolol.

Compared to the control values, ERPF decreased

CIT

.-40 -20

. * .

20

r=0.48

4P
ERPF-a°/»

•20

-40

I
I
I
I
I
I
I

I
I
1

Fig. 1. Relationship between changes in ERPF and CIP, I
after 8 months of propranolol treatment. fg
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Table U. Hemodynamic parameters before (A) and
after propranolol treatment for I month (B) and 8
months (Cj

Stroke index
(ml/beat • n r )

Heart rate
(beats/min)

LVWI (W/m2)

TPRI
(KFN-s-nT1 1)

IVCT (s)

A
B
C

A
B
C

A
B
C

A
B
C

A
B
C

Mean

48
53
55

67.3
51.5
49,8

0.96
0.67
0.70

3 441
3 675
3 455

6.9
8.4
8.4

S.E.M.

2
2
2

2.6
1.8
1.5

0.06
0.03
0.03

237
280
193

0.4
0.3
0.4

P

NS
<0.01

<0.001
<0.001

<0.00l
•cO.001

NS
NS

<0.001
<0.0l

1

I
I
I

NS=/»0.05.

14.8% after 1 month of treatment and 23.4% after 8
months. The change from 1 to 8 months was, how-
ever, not statistically significant. Cl decreased
14.6% in 8 months. The relationship between the
change in ERPF and CI of plasma is illustrated in
Fig. 1. The coefficient of correlation between the
decrease in CI,,, and ERPF was 0.49. MAP fell 15 %.

Table II lists the changes in stroke index, heart
rate, TPRI, LVWI and IVCT. As can be seen, the
stroke index increased as the heart rate decreased.
LVWI fell 30% after 4 weeks and was unchanged
after 8 months of treatment. The mean value for
TPRI increased after one month, but the change
was not statistically significant. After 8 months,
TPRI was at the same level as in the control study.
There was a significant increase in the circulation
time for plasma between the right and left ventricle.
As can be seen from Fig. 2, there was a close
relationship between the changes in heart rate and
IVCT.

Table III gives the changes in total plasma and
blood volumes in addition to the PPV. Total plasma
volume showed a transient increase during the first
4 weeks, but returned to the control values after 8
months of treatment. No change, however, was
observed in blood volume. The mean values for
PPV were higher during treatment than in the con-
trol study, but the differences were not statistically
significant.

IVCT-s

10

8

G

4

2

20 40 60 80 tOO
Heart rqte-beats/min

Fig. 2. Relationship between heart rate and IVCT in the
control study (•) and after 8 months (O) of propranolol
treatment.

DISCUSSION

The presented data show that propranolol elicited a
significant reduction of ERPF during long-term
treatment and there was no tendency to return to
the control levels. The observations are consistent
with earlier results obtained during i.v. injection of
propranolol (1, 5, 14, 19) and with those obtained
during short-term treatment with the drug (5). The
data are also in agreement with findings of Ibsen
and Sederberg-Olsen (10), who showed that glomer-
ular filtration rate fell during propranolol adminis-
tration.

The decrease in ERPF cannot be due to reduced
cardiac output alone; the rather low coefficient of
correlation 0=0.48) between the changes in these
parameters can be taken as evidence against it. The

Table III. Total plasma volume, pulmonary plasma
volume and blood volume before (A) and after
propranolol treatment for I month (B) and8 months
(C)

Plasma volume
(ml/cm)

PPV
(ml/m2)

Blood volume
(ml/cm)

NS=p>0.05 .

A
B
C

A
B
C

A
B
C

Mean

19.3
20.3
19.7

146
153
155

32.6
33.0
32.3

S.E.M.

0.5
0.6
0.7

8
7
9

0.8
0.7
1.2

P

<0.02
NS
NS
NS
NS

NS
NS
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BP was reduced, but still within a range that should
be fully compensated for by the renal hemodynamic
autoregulation. The fall in ERPF therefore points to
an interference with this autoregulation.

Previous clinical studies of kidney function on
propranolol treatment have given equivocal results.
Kincaid-Smith and Hua (11) and Thomson and
Joekes (22) found no deterioration in kidney func-
tion during long-term propranolol treatment, while
Franzen and Pasternack (6) concluded that the use
of/8-adrenergic blocking agents in rapidly progress-
ing renal failure can be hazardous. Their descrip-
tion of the studies was, however, brief and incom-
plete. Warren et al. (23, 24) observed deterioration
of kidney function during j3-adrenergic blockade in
patients with chronic renal failure and hyperten-
sion. In addition, Ibsen and Sederberg-Olsen (10)
and Drayer et al. (2) found decreased glomerular
filtration rate during propranolol administration.
Since the patients in this study had normal kidney
function, the data do no permit conclusions about
the effect of propranolol in patients with deterio-
rated kidney function.

The reduction in cardiac output and in heart rate
and the increase in stroke volume were of the same
magnitude as reported by others (8, 12). Left ven-
tricular work was reduced by an effect on cardiac
output and BP.

The peripheral resistance showed insignificant
changes, in keeping with reports by Hansson et al.
(8) and Mookherjee et al. (12). During propranolol
treatment, Tarazi and Dustan (20) demonstrated
that peripheral resistance increased immediately
and then gradually returned to the control levels
before treatment, indicating a long-term adaptation
of peripheral resistance to chronic reduction of
cardiac output.

The plasma volume increased to a minor degree
during the first 4 weeks of treatment, but fell to the
control level during continued treatment. Increased
body weight has been observed in acute studies
after propranolol administration (2) and has been
explained by increased reabsorption of sodium be-
cause of increased renal vascular resistance and
filtration fraction (14). Only minor changes in
plasma volume have previously been observed dur-
ing long-term treatment in patients with well-
compensated ischemic heart disease (9). Pro-
pranolol did not elicit a pooling of plasma in the
pulmonary circulation since PPV remained un-
changed.

The velocity of plasma flow was considerably
decreased since the circulation time was increased.
This implies a lower kinetic energy of the flowing
blood and therefore also a reduced kinetic work of
the heart.
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Haemodynamic effects of treatment and withdrawal
of spironolactone in essential hypertension

D. K. F A L C H , R. JOHANSSON, A. E, 0 D E G A A R D & N. N O R M A N

Hormone and Isotope Laboratory, Aker Hospital, Oslo, Norway

Falch, D.K., Johansson, R., Odegaard, A.E. & Norman, N. Haemodynamic
effects of treatment and withdrawal of spironolactone in essential hypertension.
Scand. J. din. Lab. Invest. 39,159-165, 1979.

The effect of spironolactone (50 mg b.i.d.) in essential hypertension was studied
by measurement of effective renal plasma flow (ERPF), blood urea nitrogen
(Ur+), serum creatinine (Cr), cardiac index (CI), plasma volume (PV), body
weight (BW), mean arterial blood pressure (MAP), total peripheral resistance
index (TPRI), plasma renin activity (PRA) and plasma aldosterone (PA) in two
groups of patients. Ten cases had determinations before, after 5 weeks and 4
months of treatment; fourteen cases who had been treated at an average of 18
months, had measurements while on treatment and 5 weeks after cessation of
the drug. Among the ten patients ERPF fell in six and increased in four patients
during treatment, but was statistically unchanged in the total group. Ur + and
Cr were also unchanged by treatment. ERPF was unchanged after withdrawal
of the drug. During treatment BW decreased 3.5%, PV decreased in nine and
increased in one patient, while PRA and PA increased 426% and 202%, respec-
tively. After cessation of the aldosterone blockade, BW increased 1.9%, PV
10.5% while PRA and PA fell 60% and 48.9%, respectively. MAP fell in eight
out of ten patients during treatment. This fall was associated with a fall in CI or
TPRI, or both. After withdrawal of the drug, MAP increased in nine and
decreased in five of the patients. The data shows that this dosage of spirono-
lactone gave minor adjustments of the systemic and renal circulation in spite of
the consistent changes in BW, PV, PRA and PA.

Key-words: kidney function; renography; radiocardiography

Dagfinn Falch, M.D., Hormone and Isotope Laboratory, Aker Hospital, Oslo 5,
N-Norway

The aldosterone blocking effect of spironolac- essential hypertension the fall in blood pressure
tone in the distal tubulus of the kidney results is therefore associated with reduced plasma
in increased sodium excretion with associated volume [1] and body weight [1, 5]. The renin-
loss of water. During treatment of patients with angiotensin system is thereby activated with
0036-5513/79/0400-01S9S02.00 increased peripheral renin activity [4, 5, 10, 12,
© 1979 Medisinsk Fysiologisk Forenings Forlag 15] and aldosterone secretion rate [14].
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Increased blood urea nitrogen [4, 12, 15] and
serum creatinine [10] have been reported during
spironolactone treatment, indicating a reduction
in kidney function. This might be secondary to
a decreased volume of circulating blood, a
reduced cardiac output, or a result of a direct
action of angiotensins on the renal vessels.

The aim of the present study was to compare
the changes elicited by continuous spironolac-
tone treatment on blood volume, cardiac out-
put, renal plasma flow, blood pressure, plasma
aldosterone and renin activity estimated almost
simultaneously. Furthermore, the study was
designed to compare the changes in the same
variables 5 weeks after cessation of spironolac-
tone treatment.

MATERIAL

The two groups of patients were composed as
follows.

The treatment group

Group A consisted of ten patients (four
males, six females) aged 33-65 years, mean age
49.2 (SD +12.1) years with the clinical diagnosis
of essential hypertension (WHO I-II). The
reference values, mean and SD were: body
length 169.6 ±11.1 cm, body weight 77.9 ±20.4
kg and cardiac volume (X-ray) 396 ± 56 ml/m2.

None of the patients had taken antihyperten-
sive drugs for at least 3 months before the start
of the study.

The withdrawal group

Group B consisted of fourteen cases with
essential hypertension (four males, nine females)
aged 50-74 years, mean age 59.6 (SD±7.3)
years (WHO stage I-II). The reference values
for this group, mean and SD were: body length
169.3 + 8.3 cm, body weight 75.1 ±12.1 kg and
cardiac volume (X-ray) 409 ± 58 ml/m2. They had
been given spironolactone (Aldosterone®
'Searle') 50 mg b.i.d. for at least 6 months; the
mean treatment period being 18 months, before
the reported cardiac and renal studies. During
this treatment period the systolic blood pressure
changed from (Mean±SD) 176 ±23 mmHg to
159±16 mmHg (P<0.01) and diastolic blood

pressure from 114±9 mmHg to 100±9 mmHg
(P<0.01) (sitting position).

METHODS

The investigation was carried out on an out-
patient basis. The patients were received in the
laboratory at 08.00 hours after a light breakfast
and no previous exercise. The studies were
undertaken after a 60 min period rest in the
supine position.

The treatment group

After a control measurement of renal and
cardiac function, the patients of group A were
given spironolactone in a daily dose of 50 mg
b.i.d. The studies were repeated after 5 weeks
and 4 months of treatment.

The withdrawal group

In the patients of group B, renal and cardiac
function was measured while they were on
treatment. Spironolactone was thereafter with-
drawn and replaced by a placebo kindly sup-
ported by 'Searle Norway A/S\ The study was
repeated 5 weeks after withdrawal of spirono-
lactone.

On days of study, the drug was taken 2 h
before the start of measurements.

Renography

The individual kidney [131I]orthoiodohip-
puran ([I31I]OIH) clearance, effective renal
plasma flow (ERPF), was determined with a
quantitative renographic technique as described
previously [13, 14]. The basis for ERPF calcu-
lation was the net kidney uptake of [131I]OIH

min after bolus injection.

Radiocardiography

Cardiac output was estimated with a radio-
cardiographic technique employing a gamma
camera, a Cine 200 computer for rapid sequen-
tial uptake and data handling, and ['' 3mIndium]-
transferrin as the intravascular label, as already
published [6, 7, 8]. Blood and plasma samples
were drawn 10, 20 and 30 min after the bolus
injection of 113mIndium. The specific activity of

I



Treatment and withdrawal of spironolactone 161

the tracer in these samples allowed for calcula-
tion of tracer concentration at the time of injec-
tion. The calculation of the haemodynamic
variables has been described previously [6, 7].
The blood and plasma volumes were calculated
from the dose of "3raIndium given and the
specific activity of blood and plasma being
corrected to bolus injection time [6, 7, 8].

The arterial blood pressure was measured
automatically on the arm by Arteriosonde
('Roche'). Mean arterial blood pressure (MAP)
was calculated from systolic (SAP) and diastolic
pressure as MAP = (SAP+2 DAP)/3 mmHg.
Left ventricular work index (LVWI) and total
peripheral resistance index (TPR1) were calcu-
lated as follows:

LVWI = [CI • MAP • 13.6 • 1/1000] • 0.16
(W/m2),

TPRI - MAP • 80/CI (105 • N • s/m3 =
dyn • s/cm5 • m2)

where CI = cardiac index (1/min • m2), 13.6 is
the specific gravity of Hg, 0.16 a converting
factor from kpm/min into watt (W) and 80 a
converting factor from mmHg/l/min into
dyn • s/cm5.

Errors and reproduceability

The coefficient of correlation for effective
renal plasma flow estimated simultaneously
with constant infusion technique and the reno-
graphic technique in 127 patients was 0.93 [13].
Similarly, the coefficient of correlation for
cardiac output measured with the ordinary dilu-
tion technique based on continuous sampling of
arterial blood and the cardiographic technique
in twelve healthy subjects was 096 [6].

The coefficient of variation calculated on the
basis of measurements performed with the
cardiographic and renographic techniques with a
30 min interval in eighteen patients with essen-
tial hypertension was, for plasma volume 4.5%,
cardiac index 7.4%, left ventricular work index
10.7%, pulmonary plasma volume 11.7% and
effective renal plasma flow 12.5%.

There were no statistically significant changes
in the haemodynamic variables estimated with
a 2 months interval in ten untreated patients
(four males, six females, aged 31-67 years) with
essential hypertension, as illustrated in Table I.

Plasma renin activity and plasma aldosterone
were measured with radioimmunoassay [16, 17]

TABLE I. The haemodynamic variables estimated with 2 months interval in ten untreated patients
with essential hypertension (C, Control; 2 M, 2 months later)

I
I
I
I

Effective renal plasma flow (ml/min • m2)

Body weight (kg)

Plasma volume (ml/cm)

Blood volume (ml/cm)

Pulmonary plasma volume (ml/m2)

Cardiac index (I/min • m2)

Heart rate (beats/min)

Mean arterial blood pressure (mmHg)

Left ventricular work index (W/m2)

Total peripheral resistance index
( 1 0 5 N ' s - m - 3 )

C
2M
C
2M
C
2M
C
2M
C
2M
C
2M
C
2M
C
2M
C
2M
C
2M

Mean

257
238

76.7
76.8
19.0
18.8
31.0
30.5

178
173

3.796
3.527

67.2
64.4

11s-
115

0.93
0.89

2450
2678

SEM

15
29

3.6
3.5
0.6
0.7
0.9
1.2
8
8

0.192
0.220
2.9
3.1
2
3
0.05
0.07

127
134

P

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS,P>0.05.
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Blood urea nitrogen and serum creatinine were
determined with a Technicon SMA 12/60 system
autoanalyzer (Central Laboratory, Aker Hos-
pital).

The observed values during treatment and
withdrawal of the drug were compared to the
control values, using the Student's t test for
paired observations.

RESULTS

The treatment group

Table II gives the change in the measured
variables after 5 weeks and 4 months of treat-
ment with spironolactone (Group A). It can be
seen that there was a highly significant fall in

TABLE II. Body weight, haemodynamic variables, peripheral renin activity, plasma aldosterone, blood
urea nitrogen and serum creatinine berore (C) and after spironolactone treatment in 5 weeks (S I) and
4 months (S II) (group A) (n = 10)

Mean SEM

Effective renal plasma flow (ml/min • m2)

Blood urea nitrogen (mmol/l)

Serum creatinine (mmol/l)

Body weight (kg)

Plasma volume (ml/cm)

Blood volume (ml/cm)

Pulmonary plasma volume (ml/m2)

Cardiac index (1/min • m2)

Heart rate (beats/min)

Mean arterial blood pressure (mmHg)

Left ventricular work index (W/m2)

Total peripheral resistance index
(10s N • s • m"3)

Peripheral renin activity (nmol A|/l • h)

Plasma aldosterone (pmol/l)

c
SI
SIIc
SI
SII
c
SI
SII
c
SI
SII
c
SI
SII
c
SI
SII
c
S I
SII
c
SI
SII
c
SI
SII
c
S I
S I I

c
SI
SII
c
S I
S I I
c
SI
SII
c
SI
SII

207
211
207

5.7
6.2
6.1

95.3
101.7
109.8
77.9
76.2
75.2

18.4
17.7
17.8
29.5
29.1
28.7

157
149
168

3.242
3.159
3.242

66.9
66.0
61.9

121
113
111

0.92
0.78
0.79

2919
2947
2832

0.2
1.0
1.0

202
415
424

12
14
12
0.4
0.3
0.5

10.7
5.6
7.4
6.4
6.4
6.5
0.9
0.8
0.9
1.6
1.4
1.6
8
6

14
0.188
0.193
0.188
4.3
2.8
2.9

3
4
3
0.06
0.06
0.06

245
159
167

0.1
0.2
0.3

44
83
69

NS
NS

NS
NS

NS
NS

< 0.001
< 0.001

NS
NS

NS
NS

NS
NS

NS
NS

NS
NS

NS
<0.05

<0.05
<0.05

NS
NS

<0.0l
<0.05

<0.01
<0.01

The values obtained during treatment (S I, S II) are compared to the control (C) values.
NS, P>0.05.
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body weight, and an equally significant increase
in peripheral renin activity and aldosterone. The
blood pressure at 4 months was reduced and
this was associated with a fall in the left ventri-
cular work index.

The mean values for the blood and plasma
volumes decreased, but the changes were not
statistically significant. The response, however,
was rather consistent as there was a reduction
in nine of the patients, The one patient who had
an increment in PV had a marked fall in MAP
and a reduction in BW. Four of the ten patients
had a reduction in MAP of more than 10%.
These four patients had the most marked fall in
BW and had a decrease both in CI and TPRI.
The coefficient of correlation between the
change in MAP and BW was 0.77.

MAP decreased in eight, was unchanged in
one and increased in one patient. CI fell in
eight and increased in two patients. The calcu-
lated TPRI fell in six and increased in four
patients.

Whereas the group ERPF was within normal
limits in the control study and showed no change

during treatment, six of the patients had a fall
between 8.6% and 27.4% and four had an
increase between 7.5% and 35.1%. Blood urea
nitrogen and serum creatinine showed similar
great variations, mean values being unchanged.

The withdrawal group

Table III gives the change in the measured
variables 5 weeks after cessation of medication
(group B). There was a highly significant in-
crease in body weight, plasma and blood
volumes and pulmonary plasma volume. Con-
comitantly plasma renin activity and plasma
aldosterone fell. As was the case of group A,
the subjects of group B showed the same indivi-
dual variation.

MAP increased in nine (between 0.7% and
16.8%) and fell in five (between 0.9% and
12.9%) of the patients. The coefficient of
correlation between th^ change in MAP and
BW was 0.02. In the total group cardiac output,
heart rate, peripheral resistance and left
ventricular work were unchanged.

TABLE III. Body weight, haemodynamic variables, peripheral renin activity and plasma aldoiierone
during spironolactone treatment (S) and after discontinuing the treatment (D) for S weeks (group B)
(n = 14)

I
I
I
I

Effective renal plasma flow (ml/min • m2)

Body weight (kg)

Plasma volume (ml/cm)

Blood volume (ml/cm)

Pulmonary plasma volume (ml/m2)

Cardiac index (1/min • m2)

Heart rate (beats/min)

Mean arterial blood pressure (mmHg)

Left ventricular work index (W/m2)

Total peripheral resistance index
(105 N • s • m"3)

Peripheral renin activity (nmol A,/I • h)

Plasma aldosterone (pmol/1)

S
D
S
D
S
D
S
D
S
D
S
D
S
D
S
D
S
D
S
D
S
D
S
D

Mean

228
222

75.1
76.5
18.1
20.0
28.9
32.0

139
158

3.244
3.489

73.5
70.0

126
130

0.89
0.96

3261
3067

1.5
0.6

174
89

SEM

It
13
3.2
3.2
0.7
0.6
0.9
0.9
6
8
0.205
0.203
3.5
3.2
4
4
0.06
0.09

238
193

0.3
0.1

26
17

P

NS

<0.01

<0.01

<0.01

<0.05

NS

NS

NS

NS

NS

<0.01

<0.01

The values obtained after discontinuation (D) are compared to those measured during treatment (S).
NS,P>0.05.
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DISCUSSION

The observed changes in the measured variables
are small both in the treatment and withdrawal
study. The ability of the methods to detect small
changes in the variables is important in the
evaluation of the results. The coefficient of
variation as estimated from duplicate deter-
minations (see Method) might indicate that the
errors and reproduceability of the methods are
within an acceptable range.

The individual and biological changes in the
variables independent of treatment in the study
periods, are another problem. Since there were
no statistical differences in the measured
variables estimated with 2 months interval in
ten untreated hypertensives (Table I), the ob-
served changes in the present study might
represent real changes. The fall in blood pressure
in the treatment study (group A) was associated
either by a fall in cardiac output or peripheral
vascular resistance. In those patients who had
a reduction in MAP of more than 10%, both
CI and TPRI were reduced.

It must, however, be remembered that TPRI
is the quotient between blood pressure and
cardiac output and includes the errors of both
these measurements. Bevegard et al. [3] found
that the fall in blood pressure during spirono-
lactone treatment was mainly a result of dilata-
tion of resistance vessels. In contrast to the
observations by other investigators [1, S], they
observed no change in body weight during
spironolactone treatment. In the present study,
there was a statistically significant fall in body
weight during treatment and a coefficient of
correlation of 0.77 between the change in
MAP and BW. This observed relationship
is in accordance with observations of others
[1,11].

After withdrawal of the drug, the blood
pressure was unchanged in the total group in
spite of the increase in body weight and plasma
volume. This indicates that volume expansion
is not a main determinator for increase in blood
pressure during these conditions.

The pulmonary plasma volume varied in
parallel with the total plasma volume. This is
in accordance with our previous observations
[7, 9] that the pulmonary plasma volume is
mainly determined by the total plasma volume.

There was a statistically significant increase
in plasma renin activity and aldosterone during

treatment and a fall after cessation of the drug.
The change in blood pressure might be

dependent on the balance between the primary
drug effect and the physiological responses
elicited by the drug. The increase in PRA
indicates an increase in angiotensins, which
might counteract the decrease in blood pressure
elicited by spironolactone, This view is sup-
ported by the observations of Andersen et al. [2]
who found that the angiotensin II blocking
agent, Saralasin. gave a fall in blood pressure in
some patients who were still hypertensive during
spironolactone treatment.

Plasma aldosterone increased from 202
pmol/1 to 424 pmol/1 after 4 months of treatment
in group A. In group B, however, the mean
plasma aldostetone was 174 pmol/1 after an
average of 18 months of treatment.

Although the sodium intake or excretion was
not measured, there is no reason to suspect
differences in sodium intake in these patients. A
change in secretion or metabolism of aldo-
sterone during long term treatment with spiro-
nolactone might occur. Particularly a reduction
in aldosterone secretion must be considered. A
decreased adrenal secretion of aldosterone has
been reported [18] on high dosage of spirono-
lactone in a case with Conn's syndrome and a
direct effect on the adrenal cortex might also
be conceivable as a result of prolonged treat-
ment. The very low aldosterone concentra-
tion (89 pmol/1) after cessation of treatment in
group B is also consistent with such an explan-
ation.

Effective renal plasma flow was within the
normal range for the age of the patients, and
was statistically unchanged both by treatment
and withdrawal. This was also the case for
blood urea nitrogen and serum creatinine during
treatment of the patients of group A. The
presented data give therefore no evidence for a
reduction in kidney function as measured with
our methods, during spironolactone treatment.
Increased BUN and serum creatinine have been
observed by several investigators [1, 5, 10, IS],
while Bevegard et al. [3] observed no change in
serum uric acid. This difference in observations
is probably related to differences in the daily
dose given [1, 5, 10, 15].

The haemodynamic autoregulation in the
kidneys does not seem to be affected by the
decrease in body water and the increase in
angiotensins elicited by aldosterone blockade.
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ABSTRACT

The hemodynamic adaptation and the change in the renin-aldosterone
system during treatment with chlorthalidone (Hygroton®, "Geigy") was
studied in 11 patients with essential hypertension. They were studied
before and after 2 and 4 months of treatment with a dose of 50 ing/
day. During the last 2 months they also took potassium chloride (1.5 to
3.0 g/day). The blood pressure fell mainly by a decrease in cardiac out-
put (stroke volume) but in some of the patients also by a reduction in
peripheral resistance.

Effective renal plasma flow was unchanged in spite of decreased
cardiac output and blood pressure, indicating an intact renal hemo-
dynamic autoregulation. Plasma renin activity was increased throughout
the study while plasma aldosterone concentration only had a small and
transient increase after 2 months of treatment. The reduction in serum
potassium might to a certain degree explain both the increase in renin
activity and lack of increase in aldosterone concentration. The potas-
sium-chloride dosage did not normalize the potassium concentration in
serum. The increase in angiotensins seemed not to interfere with the
effective renal plasma flow. There was a relationship (r = -0.78) between
the rerun increment during treatment and the fall in blood pressure
during angiotensin-II blockade by Saralasin. The changes in blood pres-
sure were small during Saralasin infusion, indicating that the blood pres-
sure reducing effect of chlorthalidone is counteracted only to a minor
degree by the increase in angiotensins.

INTRODUCTION

Chlorthalidone (Hygroton®, "Geigy") is a diuretic often used in treat-
ment of hypertension. The drug is not a thiazide, and the hemodynamic
effects seems to be different. In contrast to the thiazides, chlorthalidone
elicits a fall in biood pressure by a reduction in cardiac output.16 The
reason for this effect is unknown.
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tension.

MATERIALS AND METHODS

Material

Eleven patients, all males, 37 to 64 years of age (mean 52.3 years), were included.
They were informed volunteers with essential hypertension, Stage I or Stage II,
according to the World Health Organization (WHO) classification. The diagnosis was
based on clinical examination, routine blood and urine analyses, ECG, chest X-ray,
renography and determination of plasma aldosterone and renin. In some cases uro-
graphy was also performed. The reference values, mean and SD were: Body length
172.9 + 5.0 cm, body weight 86.7 ± 10.4 kg, cardiac volume (X-ray) 433 + 64
ml/m2, blood urea 5.9 ± 1.4 mmol/l and serum creatinine 9 4 + 9 jumol/1. Eight of
the patients had never taken antihypertensive drugs. The remaining three had the
drugs (spironolactone, propranolol or hydrochlorothiazide, respectively) withdrawn
at least 4 weeks before the start of the study.

I
I

A fall in plasma volume, which is observed when high doses are |
given,14 and thereby a fall in pulmonary plasma volume, might partly
explain the reduction in cardiac output. _

The renin-angiotensin-aldosterone system is activated during admin- I
istration of the drug.7-23.24 As has bean reported for thiazides,1-24 •
activation of this system might counteract the blood pressure reducing
effect of chlorthalidone. The combination of reduced cardiac output, •
blood volume and increased concentration of angiotensin, might lead to |
a reduction in renal blood flow and thereby explain the increase in
blood urea nitrogen23 and serum urate3-4 '8 which have been reported. _

The aim of this investigation was to study the hemodynamic I
adaptation and the change in the renin-aldosterone system during chlor-
thalidone treatment, in order to obtain a better understanding of the
action of the drug when applied in the treatment of essential hyper- I

I
I
I
I

Methods _

The patients were studied before and after 2 and 4 months of treatment with chlor- I
thalidone. They were ambulatory and examined on an out-patients basis. They were
received in the laboratory at 8 a.m. after a light breakfast and no previous exercise. ,_
The measurements were started after a 60-minute rest period in the supine position. I
After control measurements (see below) the patients were given chlorthalidone in a |
daily dose of 50 mg. During the last 2 months of the trial period the patients also
received potassium chloride (Kaleorid® "Leo") in a dose of 1.5 to 3.0 g/day. On _,
days of study, the drugs were taken 2 hours before the start of measurements. T

When the hemodynamic studies after 4 months of treatment were finished, the Ji.
angiotensin—II blocking agent Saralasin (Sar,l ala,8 angiotensin-II), was given as a
constant intravenous infusion at a dose of 5 to 7.5 jUg/kg body weight per minute. _..
The blood pressure was measured at 2-minute intervals before and during the \,
infusion of Saralasin by means of Arteriosonde® "Roche." Blood samples for deter- .£.
mination of plasma renin activity and plasma aldosterone concentration were drawn
before and 20 minutes after start of infusion of Saralasin. _,
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Renography — The individual kidney [1 3 1I] orthoiodohippuran ( [ 1 3 1 I ] OIH) clear-
ance, effective renal plasma flow (ERPF), was determined with a quantitative reno-
graphic technique as described previously.17«l8 The basis for ERPF calculation was
the net kidney uptake of [ i 3 1 I ] OIH 1V&-2V& minutes after bolus injection.

Cartography — Cardiac output was estimated with a radiocardiographic technique
employing a gamma camera, a Cine 200 computer for rapid sequential uptake and
data handling, and 1l3mlndium-transferrin as the intravascular label, as already
published,9-!0'12-13 Blood and plasma samples were drawn 10, 20 and 30 minutes
after the bolus injection of 113m Indium. The specific activity of the tracer in these
samples allowed for calculation of tracer concentration at the time of injection. The
arterial blood pressure was measured automatically on the arm by Arteriosonde.

The calculation of the radiocardiographic parameters has been described pre-
viously.9 The blood and plasma volumes were calculated from the dose of U3min
given, the specific activity in blood and plasma being corrected to bolus injection
time. Cardiac index of plasma (CIpi, ml/min'm2) was calculated from cardiac index
of blood as CIpi = CI 'Cb/Cpi, where Cb is the radioactivity of H3min j n CPM/ml
of the whole blood and Cp] the corresponding radioactivity in CPM/ml of plasma at
bolus injection time. The interventricular circulation time for plasma (IVCT) was
determined as the time between the peaks of the dilution curves generated for the
right and the left ventricles.

Mean pulmonary circulation time (PCT) was calculated as 70 per cent of IVCT.
Pulmonary plasma volume (PPV, ml/m2) was calculated by multiplying the CIpi/s
with PCT (s).9 Mean arterial blood pressure (MAP) was calculated from systolic
(SAP) and diastolic (DAP) pressure as MAP = (SAP+2 *DAP)/3 (mmHg). Left ven-
tricular work index (LVWI) and total peripheral resistance index (TPRI) were cal-
culated as follows:
LVWI=[CI (1/min -m 2 ) • MAP (mmHg) • 13.6 g/cm2 -1/1000] • 0.16 (W/m2).
TPRI = MAP (ramHg) • 80 /CI (1/min »m2) (10 s N -s - m 3 = dyn • s ' c m 5 -m2),
where 13.6 is the specific gravity of Hg, 0.16 a converting factor from kpm/min
into watt (W) and 80 a converting factor from mmHg/1/min into dyn • s • cm"5.

Errors and reproduceability — The coefficient of correlation for effective renal
plasma flow estimated simultaneously with constant infusion technique and the
renographic technique in 71 patients was 0.93.17 Similarly, the coefficient of corre-
lation for cardiac output measured with ordinary dilution technique based on con-
tinuous sampling of arterial blood and the cardiographic technique in twelve healthy
subjects was 0.96.9 The coefficient of variation calculated on the basis of measure-
ments performed with the cardiographic technique with 30-minute interval in 18
patients with essential hypertension was for plasma volume 4.5%, cardiac index
7.4%, left ventricular work index 10.7% and pulmonary plasma volume 11.7%. The
coefficient of Variation for effective renal plasma flow was 12.5% calculated from
duplicate measurements in 38 patients with essential hypertension. There were no
statistically significant changes in the variables estimated with 2-month interval in
ten untreated patients (four males, six females aged 31 to 67 years) with essential
hypertension State I or II, as illustrated in Table I.

Plasma renin activity and plasma aldosterone were measured with radioimmuno-
assay.20,21 Their coefficients of variation were 6.9% and 5%, respectively. Blood
urea, serum creatinine and serum electrolytes were determined with Technicon SMA
12/60 autoanalyzer. (Central Laboratory, Aker Hopsital).

The observed values after 2 and 4 months were compared to the control values,
using Student's t-test for paired observations.
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Table I — The hemodynamic variables estimated with 2 months interval in ten un-
treated patients with essential hypertension (C, control; 2M, 2 months
later).

Maan SEM

Effective renal plasma flow
(ml/min-m2)

Body weight
(kg)

Plasma volume
(ml/cm)

Blood volume
(ml/cm)

Pulmonary plasma volume
(ml/m2)

Interventricular circulation time
(s)

Cardiac index
(l/min-m2)

Heart rate
(beats/min)

Mean arterial blood pressure
(mmHg)

Left ventricular work index
(W/m2)

Total peripheral resistance index
(105N-s-m-3)

Plasma renin activity
(nmol A]/l-h)

Plasma aldosterone
(pmol/l)

Serum sodium
{mmol/l)

Serum potassium
(nmol/l)

Serum chloride
(mmol/l)

Blood urea
(mmol/l)

NS, P>0.05.

C
2M
C
2M

C
2M

C
2M

C
2M

C
2M

C
2M

C
2M

C
2M

C
2M

C
2M

C
2M

C
2M

C
2M

C
2M
C
2M
C
2M

257
238

76,7
76.8
19.0
18.8
31.0
30.5

178
173

7.08
7.36

3.796
3.527
67.2
64.4
114
115

0.93
0.89

2450
2678
0.19
0.14

190
165

140.7
140.0
3.96
4.13

104.3
106.1
5.42
5.77

RESULTS

15
29
3.6

0.6
0.7
0.9
1.2
8
8

0.36
0.46
0.192
0.220

2.9
3.1

2
3

0.05
0.07
127
134

0.04
0.02

17
19

1.0
1.5

0.12
0.12
1.3
0.7
0.36
0.49

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

NS

From Table II, it can be seen that mean arterial blood pressure (MAP)
fell about 14%. Both systolic and diastolic blood pressure decreased in
nearly all the patients. Except for one, cardiac index (CI) fell in all the
patients after 4 months of treatment, with a decrease in stroke index.
Total peripheral resistance (TPRI) fell in 7 and increased in 4 of the
patients, but there was no statistically significant change in the total
group. Blood pressure fell by a decrease in CI or TPRI, or both. After 4
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Table H — The changes in the systemic circulation after 2 (2M) and 4 (4M) months
of chlorthalidone treatment (C = control study).

Mean -SEM

Mean arterial blood pressure
(mmHg)

Cardiac index
(l/min-m2)

Heart rate
(beats/min)

Stroke index
(ml/m2)

Left ventricular work index
(W/m2)

Total peripheral resistance index
(1O5.Nsm-3)

C
2M
4M

C
2M
4M

C
2M
4M

C
2M
4M

C
2M
4M

C
2M
4M

126
109
108

3.571
3.290
3.078

65.6
66.3
65.9

55
51
48

0.976
0.778
0.718

2 957
2 712
2 843

CM
 CM

 CM

0.210
0.156
0.115

3.3
3.3
2.6

3
3
3

0.053
0.038
0.022

236
149
140

<.0.001
<0.001

NS
<0.01

NS
NS

NS
<0.01

<0.001
< 0.001

NS
NS

NS = p>0 .05
The values measured after 2 and 4 months of treatment are compared to the control values.

months, the fall was mainly due to a decrease in CI. Left ventricular
work index declined because of the reduction both in MAP and CI. The
mean body weight fell from 86.7 to 85.0 kg (Table III). There was a
weight reduction in all the subjects. Plasma volume, blood volume, pul-
monary plasma volume and interventricular circulation time were un-
changed. Pulmonary plasma volume varied nearly in parallel to the total
plasma volume.

Table III — The changes observed after 2 (2M) and 4 (4M) months of chlorthalidone
treatment.

Body weight
(kg)

Plasma volume
(ml/cm)

Blood volume
(ml/cm)

Pulmonary plasma volume
Iml/m2)

Interventricular circulation time
(s)

Mean

C
2M
4M

C
2M
4M

C
2M
4M

C
2M
4M

C
2M
4M

86.7
85.2
85.0

20.4
19.9
20.2

34.5
33.1
34.0

162
158
152

7.1
7.4
7.6

SEM

3.1
3.2
3.1

0.9
0.8
0.9

1.5
1.3
1.7

10
10
12

0.3
0.4
0.4

P

<0.01
<0.01

NS
NS

NS
NS

NS
NS

NS
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Table IV — The changes in kidney function and serum electrolytes after 2 (2M) and
4 (4M) months of chlorthalidone treatment.

Effective renal plasma flow
(ml/min-m*)

Blood urea
(mmol/l)

Serum creatinine
(Mmol/l)

Serum sodium
(mmol/l)

Serum potassium

Serum chloride
(mmol/l)

Mean

C
2M
4M

C
2M
4M

C
2M
4M

C
2M
4M

C
2M
4M

C
2M
4M

229
225
211
5.47
6.33
6.16
92.9
95.2
96.5
139.5
141.3
141.0

3.9
3.5
3.6

105.6
103.1
101.5

SEM

62
16
13

0,24
0.28
0.39

4.2
3.5
3.2

1.2
0.7
0.9

0.1
0.1
0.1

1.2
1.1
0.7

P

NS
NS

<0.01
NS

NS
NS

NS
NS

<0.01
NS

<0.05
<0.02

Table IV gives the changes in the measured variables for kidney
function and serum electrolytes. There were no statistically significant
changes in effective renal plasma flow and serum creatinine, while blood
urea had a small and transient increase after 2 months of treatment.
The serum potassium and chloride concentrations fell after 2 months of
treatment. During potassium chloride administration (between 2 and 4
months) the mean value of potassium had a slight increase, but did not
reach the pretreatment level. The serum concentration of chloride did
not increase during potassium chloride administration. The serum
sodium concentration was unchanged throughout the study.

Plasma renin activity (PRA) was increased after 2 months of treat-

Table V — The changes in plasma renin activity and plasma aldosterone after 2
(2M) and 4 (4M) months of chlorthalidone treatment and the acute
effect of Saralasin infusion.

Mean SEM

Plasma renin activity
(pmol A / l h )

Plasma aldosterone
(pmol/l)

c2M
4M
SAB

C
2M
4M
SAB

0.23
0.86
0.84
0.74
255
365
298
481

0.06
0.27
0.21
0.20
23
57
30
41

<0.05
<0.01

NS

= 0.05
NS

< 0.001

The values after 2 and 4 months of treatment are compared to the control values (C).
The values measured during Saralasin infusion (SAR) are compared to the 4M values.
(Student's t-test for paired observations).

\

I
I
I
I
I
I
I
I
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ment and was persistently elevated also after 4 months. (Table V)
Plasma aldosterone had a slight and transient increase after 2 months of
t r e a t m e n t . ' - -~r:-- •-i\.~-^: • . ,-.• ...-, . -/ _- , _ ~\ .

During Saralasin infusion, PRA was statistically unchanged while the
plasma aldosterone concentration increased about 61%. Figure 1 illu-
strates the relationship (r = -0.78) between the increment of PRA during
4 months of treatment and the fall in MAP during Saralasin infusion.

Figure 1 — The relationship between the increase in plasma renin activity (PRA)
during 4 months of chlorthalidone treatment and the acute change in

'- _. MAP during Saralasin infusion. ~

A%""PRA

.800

600

..400

" 200

r=-0.78

-10 -8 -6 "-.« -2 2 I* 6 mm Hg

DISCUSSION

The observed changes in the measured variables during chlorthalidorie
treatment are small. The ability of the method to detect small changes
in the variables is important in the evaluation of the results. The coeffi-
cient of variation as estimated from duplicate determinations (see
Method) might indicate that errors and reproducibility of the methods
are within an acceptable range. The lack of statistical differences in the
measured variables estimated with 2 months interval in ten untreated
hypertensives (Table I) add to the validation of the changss observed in
the treatment group.

Effective renal plasma flow was unchanged during chlorthalidone
treatment. Since MAP and CI were decreased and ERPF unchanged, the
hemodynamic resistance in the renal circulation probably was reduced
during treatment, indicating an intact renal hemodynamic autoregula-
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tion. Furthermore, the increase in PRA reflecting an increase in angio-
tensins, seemed not to interfere with the renal hemodynamic autoregula-
tion. The transient increase in blood urea might be of pre-renal origin
and does probably not reflect a fall in kidney function.

The body weight fell in nearly all the subjects. During spirono-
lactone treatment, the fall in blood pressure is related to the weight
loss.13 In the present study, however, there was no obvious relation-
ship between the change in blood pressure and the weight loss in the
individual cases. This observation is in agreement with a findings of
Vaughan et al.23 and of Hunyor et a/.14 In addition they observed a
fall in plasma volume, not evident in our cases. This difference might be
explained by difference in dosage; their patients took 100 mg/day while
the patients in the present study took 50 mg/day.

The increase in PRA in combination with the fall in body weight,
might indicate a reduction in extracellular volume, although this was
not measured in the present study. A reduction both in extracellular22

and intracellular volume15 during thiazide treatment have been
reported. Another explanation for the increase in PRA, might be the
fall in serum potassium.6

Since aldosterone secretion is stimulated by a reduction in extra-
cellular volume -and increase in renin release, and suppressed by a fall in
serum potassium6 the moderate increase during the first 2 months of
treatment might be explained by the net effect of these factors. During
the last 2 months when the patients took potassium chloride, there was
some increase in the mean serum potassium level. This in addition to
the elevated PRA and reduced BW could be expected to give a further
increase in plasma aldosterone. Since there was a fall in plasma aldo-
sterone during the last 2 months of treatment, a reduction in secretion
or increase in metabolic clearance rate of aldosterone might be postu-
lated. According to Andersson et al.x diuretics elicit an increase in angio-
tensin-II activity in patients on low sodium diet and thereby counteract
the blood pressure reducing effect of the drug. The relationship
(r = -0.78) between the PRA increment during chlorthalidone treatment
and the fall in MAP during Saralasin infusion (Fig. 1) give further
support to this hypothesis. Similar observations during polythiazide
treatment, have been reported by Vaughan et al.2 4 On the other hand,
there was an increase in plasma aldosterone during Saralasin infusion.
Uncnanged PRA and increased plasma aldosterone concentration during
Saralasin infusion is a typical response in essential hypertension.11 This
probably means that the aldosterone secretion is stimulated by Saralasin
by binding to non-occupied adrenal angiotensin-II receptors. Since
Saralasin is a competitive inhibitor, this agonistic effect of the drug
indicates a minor binding and stimulation by angiotensin-II. The
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increase in angiotensins during chlorthalidone treatment therefore seems
to be of limited importance with regard to aldosterone secretion during
chlorthalidone treatment.

The decline in serum chloride probably reflects an increase in
bicarbonate.

The cardiac output was reduced after 4 months of treatment
because of a reduction in stroke volume, and was at this time the main
reason for the fall in blood pressure. A fall in TRPI seems to explain
the fall in blood pressure in some of the patients. It must, however, be
remembered that peripheral resistance is the quotient between blood
pressure and cardiac output and includes the errors of both these
measurements. The reason for the reduction in stroke volume, is, how-
ever, not easily explained. Reduced circulating blood volume is
obviously not the explanation since the blood volume was unchanged
during treatment. A decrease in venous return of blood implies increase
in venous capacity and also a fall in blood flow velocity. The inter-
ventricular circulation time was unchanged and gives hardly any support
to such an explanation.

Chlorthalidone is bound to tissue cells5 and erythrocytes2 and
seems to interfere with the cellular metabolism in the erythrocytes,19

One can speculate whether chlorthalidone interferes with the cardiac
metabolism and contracility.

Prom the data presented it can be concluded that chlorthalidone in
small doses induced a fall in blood pressure mainly by a reduction in
cardiac output but also by a reduction in peripheral resistance in some
patients. Of most importance is that renal plasma flow was unchanged
in spite of an increase in angiotensins and decrease in cardiac output
and blood pressure. The plasma aldosterone concentration was in-
fluenced only to a minor degree. The reduction in serum potassium
might to a certain degree explain both the increase in plasma renin
activity and the lack of increase in plasma aldosterone concentration.
The increase in angiotensins seems only to a minor degree to counteract
the blood pressure reducing effect of chlorthalidone.
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ABSTRACT

Atenolol, an adrenergic (3,-receptor blocking drug, was given to 13
patients with essential hypertension at a dose of 50 mg b.i.d. Hemo>
dynamic studies were performed before and after 2 and 4 months of
treatment. Effective renal plasma flow was unchanged by the treatment
in spite of a reduction in cardiac output of 22.8% and a fall in mean
arterial blood pressure of 12.0%. Serum creatinine concentration was
unchanged whereas blood urea concentration increased 26.1% during 4
months of treatment. Concomitantly the body weight increased 1.5%,
serum sodium concentration decreased 1.7%, while serum potassium
showed a transient increase of 7.2%. The changes in body weight, blood
urea and serum electrolytes might indicate interference with the kidney
function even if effective renal plasma flow was unchanged. Plasma renin
activity fell while plasma aldosterone concentration was unchanged.
Total and pulmonary plasma volumes were unchanged, indicating that
no pooling of plasma occurred in the pulmonary vessels during treat-
ment, in spite of the reduction in cardiac output. The velocity of plasma
flow and left ventricular work index fell 32.2% and 32.0%, respectively,
which represent both a reduction in kinetic and pressure-volume work.
The fall in cardiac output without a concomitant reduction in peripheral
resistance during treatment, might indicate an interference with the local
tissue blood flow autoregulation.

INTRODUCTION

In essential hypertension, renal blood flow is reduced1 '2 probably as a
result of increased vascular resistance in the kidneys.10 A further reduc-
tion elicited by antihypertensive treatment is obviously unwarranted.
The beta-adrenergic blocking agent propranolol, elicited a reduction in
effective renal plasma flow of 23.4%8 during 8 months of administra-
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tion to hypertensives. This reduction was probably partly due to a fall
in cardiac output and partly due to an interference with the hemo-
dynamic autoregulation in the kidneys.

Atenolol is a betai -adrenergic receptor-blocking drug with high
cardiac selectivity and with only minor influence on the peripheral
resistance.3-11'13 This might indicate that renal blood flow could be
maintained providing an intact renal hemodynamic autoregulation even
during a reduction in cardiac output3 '11 caused by atenolol treatment.

The aim of the present investigation was to study the hemodynamic
adaptation and the change in the renin-aldosterone system during
atenolol treatment in order to obtain a better understanding of the
action of the drug when applied to treatment of essential hypertension.

MATERIALS AND METHODS

Patients

The study included 13 patients, 10 males and 3 females, 41 to 64 years of age
(mean 51.6 years). They were informed volunteers with essential hypertension, stage
I or II, according to the WHO classification. The diagnosis was based on clinical
examination, routine blood and urine analyses, BCG, chest X-ray, renography and
determination of plasma aldosterone concentration and plasma renin activity. In
some cases urography was also performed. The reference values (mean ± SD) were:
Systolic blood pressure 178 ± 20 mmHg (sitting position), diastolic blood pressure
113 ± 8 mmHg, body length .171.6 ± 8.3 cm, body weight 75.1 ± 9.9 kg, cardiac
volume (X-ray) 427 + 77 ml/m2, blood urea 5.8 ± 1.3 mmol/1 and serum creatinine
94.6 ± 20 jumol/1.

Eleven of the patients had never taken antihypertensive drugs. The remaining
two had the drug (chlorthalidone or met'ruside) withdrawn at least 4 weeks before
the start of the study.

The patients were studied before and after 2 and 4 months of treatment with
atenolol (Tenormin® I.C.I.). They were ambulatory and examined on an out-patient
basis. They were received in the laboratory at 8 a.m. after a light breakfast and no
previous exercise. The measurements were started after a 60-minute rest period in
the supine position. After control measurements (see below) the patients were given
atenolol 50 mg twice daily. On days of study during treatment, the drug was taken
2 hours before the start of measurements.

Renography

The individual kidney [ 1 3 1I] orthoiodohippuran ( [ 1 3 1 I ] OIH) clearance, effective
renal plasma flow (ERPF) was determined with a quantitative renographic technique
as described previously.*5 The basis for ERPF calculation was the net kidney up-
take of [ I 3 1I] OIH 1V4-2V4 min after bolus injection.

Cardiography

Cardiac output was estimated with a radioisotope technique, employing a gamma
camera for precordial recording, a Cine 200 computer for rapid sequential uptake
and data handling, and 113nnIndium —transferrin as the intravascular label, as
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already published,5-8 Blood and plasma samples were drawn 10, 20 and 30 minutes
after the bolus injection of u 3 mIndium. The specific activity of the tracer in these
samples, allowed for calculation for tracer concentration at the time of injection.
The arterial blood pressure was measured automatically on the arm with an
Arteriosonde (Roche).

The calculation of the radiocardiographic parameters has been described pre-
viously.5 The blood and plasma volumes were calculated from the dose of '' 3mIn
given, the specific activity in blood and plasma being corrected to bolus injection
time. Cardiac index of plasma (CIp|, ml/min'm2) was calculated from cardiac index
of blood as CIpi=CI<VCpl> where Cfa is the radioactivity of ' ' 3 mIn in CPM/ml of
the whole blood and Cp] the corresponding radioactivity in CPM/ml of plasma at
bolus injection time. The interventricular circulation time for plasma (IVCT) was
determined as the time between the peaks of the dilution curves generated for the
right and the left ventricles. Mean pulmonary circulation time (PCT) was calculated
as 70 per cent of IVCT. Pulmonary plasma volume (PPV, ml/m2) was calculated by
multiplying the CIpi/s with PCT (s).5 Mean arterial blood pressure (MAP) was cal-
culated from systolic (SAP) and diastolic (DAP) pressure as MAP= (SAP+2 *DAP)/3
(mmHg). Left ventricular work index (LVWI) and total peripheral resistance index
(TPRI) were calculated as follows: LVWI=[CI (l/min"m5)'MAP (mmHg)-13.6
g /cm 2 -1 /1000] "0.16 (W/m2). TPRI=MAP (mmHg)-80/CI (1/min-m2) (10s

N"s'm"3=dyn"s'cm's *m2), where 13.6 is the specific gravity of Hg, 0.16 a converting
factor from kpm/min into watt (W) and 80 a converting factor from mmHg/1/min
into dyn*s'cm"s.

Errors and Reproducability

The coefficient of correlation for effective renal plasma flow estimated simul-
taneously with constant infusion technique and the renographic technique in 71
patients was 0.93.15 Similarly, the coefficient of correlation for cardiac output
measured with ordinary dilution technique based on continuous sampling of arterial
blood and the cardiographic technique in 15 subjects was 0.96.5 The coefficient of
variation calculated on the basis of measurements performed with the cardiographic
technique with 30-minute interval in 18 patients with essential hypertension was for
plasma volume 4.5%, cardiac index 7.4%, left ventricular work index 10.7% and
pulmonary plasma volume 11.7%. The coefficient of variation for effective renal
plasma flow was 12.5% calculated from duplicate measrements in 38 patients with
essential hypertension.7-9 There were no statistically significant changes in the
variables estimated with 2-month interval in ten untreated patients (four males, six
females aged 31 to 67 years) with essential hypertension stage I or II.7.9 Their
reference systolic and diastolic blood pressures were (mean ± SD): 172 ± 22 and
106 ± 10 mmHg, respectively.

Plasma renin activity and plasma aldosterone were measured with radioimmuno-
assay.16'*7 Their coefficients of variation were 6.9% and 5%, respectively. Blood
urea, serum creatinine and serum electrolytes were determined with Technicon SMA
12/60 autoanalyzer. (Central Laboratory, Aker Hospital).

The observed values after 2 and 4 months were compared to the control values,
using Student's t-test for paired observations.

RESULTS

From Table I it can be seen that effective renal plasma flow (ERPF)
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Table I — The changes in kidney function after 2 (2m) and 4 (4m) months after
atenolol treatment (n = 13) (C = Control Study)

Mean SEM

Effective renal plasma flow

(ml/min:m2)

Blood urea (mmol/l)

Serum creatinine (jUmol/U

c
2M
4M

C
2M
4M

C
2M
4M

243
213
205

5.01
6.14
6.32

83.0
84.4
90.0

17
21
15

0.31
0.40
0.46

3.5
7.8
6,4

N.S.
N.S.

<0.02
<0.05

N.S.
N.S.

N.S. p > 0.05
The values measured after 2 and 4 months of treatment are compared to the control values.

and serum creatinine were unchanged during atenolol treatment, while
blood urea increased from 5.01 to 6.32 mmol/l (p < 0.05) during 4
months of treatment. ERPF decreased in 9 of 13 subjects, but the
change in the total group was not statistically significant (Student's t-
test and Wilcoxen test). The body weight (Table II) increased in 9 and

Table II —Changes observed after 2 (2m) and 4 (4m) months of atenolol treatment
(n = 13)

Body weight (kg)

Plasma volume (ml/cm)

Pulmonary plasma volume
(ml/m2)

Plasma aldosterone
(pmol/l)

Plasma renin activity
(nmolA^lh)

Serum sodium
(mmol/l)

Serum potassium
(mmol/l)

Serum chloride
(mmol/l)

C
2M
4M

C
2M
4M

C
2M
4M

C
2M
4M

C
2M
4M
C
2M
4M

C
2M
4M
C
2M
4M

Mean

75.1
76.3
76.2

19.0
19.5
18.7

168
176
176

223
217
150

0.24
0.12
0.11

141.4
140.2
139.0

4.04
4.33
4.20

104.3
105.5
105.4

SEM

2.6
2.9
3.2

0.5
0.5
0.6

12
7
9
25
17
26
0.05
0.02
0.01

0.9
1.1
0.6

0.09
0.11
0.11

0.9
1.4
0.4

P

<0.01
<0.02

N.S.
N.S.

N.S.
N.S.

N.S.
N.S.

<0.02
<0.05

N.S.
<0.05

<0.05
N.S.

N.S.
N.S.
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was unchanged in 4 of the subjects with a mean increase from 75.1 to
76.2 kg, whereas total plasma and pulmonary plasma volumes were
unchanged. There was a fall in plasma renin activity from 0.24 to 0.11
nraol Aj /l*h (p < 0.05) whereas the plasma aldosterone concentration
was unchanged. The serum sodium concentration decreased from 141.4
to 139.0 mmol/1 (p < 0.05) during 4 months of treatment, Serum
potassium showed a transient increase after 2 months from 4.04 to 4.33
mmol/1 (p < 0.05), whereas the serum chloride concentration was
unchanged.

As illustrated in Table III, mean supine arterial blood pressure fell
during 4 months of treatment from 129.6 to 114.0 mmHg (p < 0.001)
by a fall in systolic pressure from 176.1 (SD + 19.7) to 157.0 (SD ±

Table III —The changes in the systemic circulation after 2 (2m) and 4 (4m) months
of atenolol treatment (n = 13) (C = Control Study)

Mean arterial blood pressure
(mmHg)

Cardiac index
(1/miivm2)

Heart rate
(beats/min)

Stroke index
<ml/m2)

Left ventricular work index
(W/m2)

Total peripheral resistance index
(105-Nsm-3)

Interventricular circulation time(s)

C
2M
4M

C
2M
4M

C
2M
4M

C
2M
4M
C
2M
4M

C
2M
4M

C
2M
4M

Mean

129.6
112.3
114.0

3.696
2.977
2.850

70.4
55.5
52.4

54
54
55

1.03
0.73
0.70

3 016
3 055
3 325

6.8
8.6
9.0

SEM

3.0
3.1
4.5

0.266
. 0.106

0.144

4.3
2.6
2.7

4
2
3

0.08
0.04
0.04

256
114
230

0.4
0.4
0.6

P

< 0.001
< 0.001

<0.l)1
<0.01

< 0.001
< 0.001

N.S.
N.S.

< 0.001
<0.001

N.S.
N.S.

< 0.001
<0.001

N.S. p>0.05
The values measured after 2 and 4rmonths of treatment are compared to the control values.

30.5) mmHg (p < 0.05) and diastolic pressure from 106.6 (SD ± 8.6) to
91.6 (SD ± 8.4) mmHg (p< 0.001). Stroke index was unchanged while
the heart rate decreased from 70.4 to 52.4 beats/min (p < 0.001). Left
ventricular work index fell from 1.03 to 0.7 W/m2 (p < 0.001) due to a
fall both in cardiac index and mean arterial blood pressure. Total
peripheral resistance index was unchanged. Interventricular circulation
time was increased from 6.8 to 9.0 s (p < 0.001) during 4 months of
atenolol treatment.

[817]



1
If

ATENOLOL (TENORMIN®) IN ESSENTIAL HYPERTENSION

DISCUSSION

The drug was well tolerated by the patients. The complaints were initial
tiredness, fatigue of the lower limbs, and cold hands, in agreement with I
previous reports.4 -11 •

Concomitantly with the reduction in MAP (12%), there was a sta-
tistically significant fall in cardiac output (22.8%) whereas no statistical-
ly significant reduction was observed in effective renal plasma flow, al-
though the mean value fell by 20%. The body weight increased from
75.1 to 76.2 kg. The reason for this is unknown, but increased body H

weight has also been observed during propranolol treatment. This has I
been explained by fluid retention as a result of change in kidney func- ™
tion.14 According to Guyton et al.10 the body fluid volume is to a
considerable degree dependant on the fluid intake and the diuresis, I |
which is a function of the blood pressure and the renal function curve. I
A fall in blood pressure leads to reduction in diuresis and thereby fluid
retention if fluid intake and extra-renal fluid loss and renal function m
curve are unchanged. Even if change in body weight is a crude para- I
meter on change in body water, the change in body weight, serum urea,
potassium and sodium concentrations might indicate a change in the
kidney handling of fluid and electrolytes. Any change in kidney func- •
tion is of clinical interest since the drug is eliminated from the blood by •
the kidneys12 and ERPF is reduced in patients with essential hyperten-
sion.1*2 During atenolol long-term treatment (200 mg/day) of 14 sub- •
jects with hypertension and normal kidney function, Zech et al.ls |
observed a fall in creatinine and urea clearances. Even if effective renal
plasma flow was not measured in that long-term study, the data agree m
with the present observations. Furthermore, Erikssen et al.4 observed an I
additional reduction in blood pressure when diuretics were added to
atenolol, indicating sodium and fluid retention either before or during
atenolol treatment. I

Increased serum potassium concentration is an important stimulus I
for increased aldosterone secretion. In the present study plasma aldo-
sterone concentration was unchanged even if the serum potassium con-
centration was increased. This might be explained by the fall in plasma
renin activity and thereby angiotensins, in addition to an increase in
extracellular volume. _

Although cardiac output was reduced, there was no pooling of I
plasma in the pulmonary circulation since pulmonary plasma volume ™
was unchanged.

In agreement with previous reports4 '1 1 '1 3 there was a fall both in I
systolic and diastolic blood pressures concomitantly with the decline in |
cardiac output. This means that the flow of blood to the local tissues is
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reduced. The goal for the circulation is to provide blood flow to each
tissue as needed to meet its requirements.1 ° Since the local tissue blood
flow is autoregulated1 ° a reduction in blood flow should lead to vaso-
dilation and a fall in peripheral resistance. In the present study, how-
ever, peripheral resistance was unchanged during atenolol treatment,
indicating interference with the local tissue autoregulation. The local
tissue might compensate for the reduction in blood flow by increased
extraction of nutritional factors, supposing that the need for nutritional
factors is unchanged during atenolol treatment. The present study gives
no information about the extraction of nutritional factors. However, the
reduction in velocity of blood flow observed during atenolol treatment
might favour increased extraction of nutrients from blood and thereby
give support to such an hypothesis.

It is concluded that atenolol is an efficient 0-adrenoreceptor
blocking drug, well tolerated by the patients, giving good pressure
control in patients with essential hypertension in WHO stage I and II.
Increased body weight, increased blood urea and serum potassium con-
centrations in addition to reduced serum sodium concentration might
indicate interference with kidney function even if effective renal plasma
flow was unchanged. In this group of patients, these effects probably
are of minor clinical importance. In spite of increased serum potassium
concentration, plasma aldosterone concentration was unchanged. The
drug might interfere with the local tissue autoregulation of blood flow
since peripheral resistance was unchanged even if cardiac output fell.
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Central and Renal Circulation, Renin and Aldosterone in Plasma
during Prazosin Treatment in Essential Hypertension
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ABSTRACT. The hemodynamic adaptation and the
change in the renin-aldosterone system during
treatment with a new vasodilating drug, prazosin
(Peripress®), were studied in 14 patients with essen-
tial hypertension before and after 2 and 4 months of
treatment. The mean daily dose was 2 mg/day for the
first 2 months and was increased individually up to
7,0 mg/day during the last 2 months in those patients
whose mean arterial blood pressure (MAP) remained
elevated. The reduction of MAP was mainly due to a
decline in peripheral resistance, but also to a decrease
in cardiac output in 4 of the patients. Effective renal
plasma flow increased from 220 to 254 ml/min • m2,
probably as a result of a fall in vascular resistance in
the kidneys. The plasma volume showed a small,
transient increase after 2 months, from 19.0 to 20.0
ml/cm body height, whereas pulmonary plasma vol-
ume was unchanged, indicating a slight redistribu-
tion of plasma between the pulmonary and the sys-
temic circulation. Body weight increased from 75.1 to
77.1 kg which, although a crude parameter, might
indicate volume expansion. Plasma renin activity
showed a small, transient increase after 2 months,
from 0.46 to 0.65 nmol A,/l h, whereas plasma al-
dosterone concentration was unchanged, indicating
that a volume expansion was not a result of a stimu-
lated renin-aldosterone system. The serum sodium
and chloride concentrations fell from 142.7 to 140.2
nunol/1 and from 105.9 to 103.1 mmol/1, respectively.

Key words: hypertension, heart, cardiovascular system,
blood vessels, kidney, blood volume, renin.
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Prazosin is a relatively new antihypertensive drug
which elicits vasodilation in both the arterial and
the venous segments of the systemic circulation (1).
The resulting reduction in peripheral resistance is
the basis for its use in essential hypertension (1,7,
17,22,23,24,30). Reflex tachycardia and increased
cardiac output, which are often seen during treat-

ment with other vasodilating drugs such as hydra-
lazine (6, 12, 25, 33), are essentially absent during
prazosin administration (25).

Messerli et al. (27), studying untreated cases with
borderline hypertension, observed a positive corre-
lation between cardiac output and cardiopulmonary
blood volume, and an inverse correlation between
peripheral resistance and blood volume. An in-
crease in the systemic intravascular volume result-
ing from arteriolar and venous dilatation by
prazosin, might lead to a redistribution of blood
between the pulmonary and the systemic circula-
tion. Furthermore, a generalized arteriolar dilata-
tion might lead to an increase in renal blood flow in
spite of unchanged cardiac output and a fall in blood
pressure. The changes in circulatory pattern, pres-
sure and intravascular volume might also influence
the renin-aldosterone system (9, 10).

The aim of the present investigation was to study
the hemodynamic adaptation and the change in the
renin-aldosterone system during prazosin treat-
ment in order to obtain a better understanding of the
action of the drug when applied in the treatment of
essential hypertension.

PATIENTS

Fourteen patients, five females and nine males, 37-65
years of age (mean 49.3), were included. They were in-
formed volunteers with essential hypertension, stage I or
II, according to the WHO classification. The diagnosis
was based on clinical examination, blood and urine

Abbreviations: BP=blood pressure, MAP=mean arterial
BP, [131I] OIH=[13'I] orthoiodohippuran, ERPF=effec-
tive renal plasma flow, CI=cardiac index, CIPi=CI of
plasma, IVCT=interventricular circulation time, PCT=
pulmonary circulation time, PPV=pulmonary plasma
volume, LVWI=left ventricular work index, TPRI=total
peripheral resistance index.
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Table I. Hemodynamic variables estimated at a
2-month interval in ten untreated patients with es-
sential hypertension
C=control, 2 M=2 months later

ERPF (ml/min • m2)

Body weight (kg)

Plasma volume (ml/cm)

Blood volume (ml/cm)

PPV(ml/m2)

IVCT (s)

CI (1/min • m2)

Heart rate (beats/min)

MAP (mmHg)

LVWI (W/m2)

TPRI(105N-s-nr3)

Plasma renin activity
(nmolA,/l-h)

Plasma aldcsterone
(pmol/1)

Serum sodium
(mmol/l)

Serum potassium
(nmol/1)

Serum chloride
(mmol/l)

Blood urea
(mmol/l)

C
2M
C
2M

C
2M
C
2M
C
2M
C
2M
C
2M

C
2M
C
2M
C
2M
C
2M
C
2M

C
2M
C
2M
C
2M
C
2M
C
2M

Mean

257
238

76.7
76.8

19.0
18.8

31.0
30.5

178
173
7.08
7.36

3.796
3.527

67.2
64.4

114
115

0.93
0.89

2 450
2 678

0.19
0.14

190
165

140.7
140.0

3.96
4.13
104
106.1

5.42
5.77

S.E.M.

15
29

3.6
3.5

0.6
0.7

0.9
1.2

8
8

0.36
0.46

0.192
0.220

2.9
3.1

2
3

0.05
0.07

127
134

0.04
0.02

17
19

1.0
1.5

0.12
0.12

1.3
0.7

0.36
0.49

p>0.05 for all variables.

analyses, ECG, chest X-ray, renography and determina-
tion of plasma renin activity and plasma aldosterone con-
centration before and after stimulation with furosemide.
In some cases urography was also performed.

The reference values (mean+S.D.) were: body height
172.7+12.4 cm, body weight 75.2+14.5 kg, systolic BP
(sitting position) 179±26 mmHg, diastolic BP 113+10
mmHg, cardiac volume (X-ray) 425 ±62 ml/in2, blood urea
5.1±1.4 mmol/l, serum creatinine 85.8±25.9 /*mol/l.

Four patients had taken antihypertensive drugs previ-
ously (alprenolol, trichlormethiazide, methyldopa or
chlorthalidoue). These drugs were withdrawn at least 4
weeks before the start of the study. Three additional

patients had to be excluded after a few weeks of treat-
ment, two due to technical errors and one because of im-
potence. Two of the females were menstruating women.
They were both studied in their follicular phases (32).

METHODS

The patients were studied before and after 2 and 4 months
of treatment with prazosin (Peripress®, Pfizer). They were
ambulatory and examined on an out-patient basis. They
were received in the laboratory at 8 a.m. after a light
breakfast and no previous exercise. The measurements
were started after 60 min rest in the supine position. After
control measurements (see below), the patients were
given prazosin. The daily dose was gradually increased,
from 0.5 mg in the first evening to 0.5 mg twice daily
during the first week and 1 mg twice daily thereafter.
During the first 2 months of treatment, clinical examina-
tions were performed every 2nd week. Six of the patients
still had an elevated mean arterial BP (MAP), >118
mmHg, after 2 months of treatment. Their daily doses
were increased individually up to 3.5 mg twice daily
during the last 2 months of the study (BP control every
2nd week). On days of study, the drug was taken 2
hours before the start of measurements.

Renography
The individual kidney [1311] orthoiodohippuran ([l3ll] OIH)
clearance, effective renal plasma flow (ERPF), was de-
termined with a quantitative renographic technique as de-
scribed previously (28, 29). The basis for the ERPF calcu-
lation was the net kidney uptake of [ia'I] OIH IJ—24 min
after a bolus injection.

Cardiograph}'

Cardiac output was estimated with a radiocardiographic
technique employing a gamma camera, a Cine 200 compu-
ter for rapid sequential uptake and data handling, and
"3lnindium-transferrin as the intravascular label, as previ-
ously described (11, 12, 13, 14). Blood and plasma samples
were drawn 10, 20 and 30 min after the bolus injection of
113mindium. The specific activity of the tracer in these
samples allowed for calculation of tracer concentration
at the time of injection.

The arterial BPwas measured automatically on the arm
with an Arteriosonde (Roche).

The radiocardiographic parameters were calculated as
previously described (11). The blood and plasma volumes
were calculated from the dose of "3nlIn given, the specific
activity in blood and plasma being corrected to bolus injec-
tion time. Cardiac index (CI) of plasma (CIPi, ml/min • m2)
was calculated from CI of blood as CIp,=CICb/C,,i,
where Ct, is the radioactivity of II3mIn, expressed in cpm/
ml of the whole blood, and Cp, the corresponding radio-
activity, expressed in cpm/ml of plasma at bolus injection
time. The interventricular circulation time (IVCT) for
plasma was determined as the time between the peaks of
the dilution curves generated for the right and the left
ventricles.

Mean pulmonary circulation time (PCT) was calculated
as 70% of IVCT. Pulmonary plasma volume (PPV, ml/m2)
was calculated by multiplying the CIPi/s by PCT (s) (11).

I

I
i
I
I
I
I
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Table II. Changes from the control study (Ci to estimations 2 (2M) and 4 (4M) months after prazosin
treatment (n =14)

Mean S.E.M.

Plasma volume (ml/cm)

PPV (ml/m3)

IVCT (s)

Body weight (kg)

1 Plasma renin activity (nmol Ajl • h)

_ Plasma aldosterone (pmol/1)

c
2M
4M
C
2M
4M

C
2M
4M

C
2M
4M

C
2M
4M

C
2M
4M

19.0
20.0
19.8

163
172
171

7.03
7.37
7.31

75.1
75.8
77.1

0.46
0.65
0.42

241
274
290

1.0
0.8
0.7

9
11
11

0.58
0.50
0.39

3.8
4.0
4.0

0.11
0.11
0.12

31
25
40

0.05
NS

NS
NS

NS
NS

<0.05
<0,05

<0.05
NS

NS
NS

NS=not significant.

MAP was calculated from systolic (SAP) and diastolic
(DAP) pressure as (SAP+2 • DAP)/3 (mmHg). Left
ventricular work index (LVW1) and total peripheral resist-
ance index (TPRI) were calculated as follows: LVWI=
[CI (1/min • m2) • MAP (mmHg) • 13.6 g/cm2 • 1/1000] • 0.16
(W/m2)-TPRI=MAP (mmHg)-80/CI (I/min-m2) (10s

N • s • nra=dyn • s • cnr5 • m2), where 13.6 is the specific
gravity of Hg, 0.16 a converting factor from kpm/min
into watt (W) and 80 a converting factor from mmHg/1/
min into dyn • s • cm"5.

Errors and reproducibility

The coefficient of correlation for ERPF, estimated simul-
taneously with constant infusion technique and the reno-
graphic technique in 71 patients, was 0.93 (28). Similarly,
the coefficient of correlation for cardiac output, measured
with ordinary dilution technique based on continuous
sampling of arterial blood and the cardiographic technique
in 15 subjects, was 0.96 (11). The coefficient of variation
calculated on the basis of measurements performed with
the cardiographic technique at a 30-min interval in 18
patients with essential hypertension was for plasma vol-
ume 4.5%, CI 7.4%, LVWI 10.7% and PPV 11.7%. The
coefficient of variation for EPPF was 12.5% calculated
from duplicate measurements in 38 patients with essential
hypertension.

There were no statistically significant changes in the
variables estimated at a 2-month interval in ten untreated
patients (four males, six females, aged 31-57 years) with
essential hypertension stage I or II, as illustrated in Table
I. Their systolic and diastolic BPs (mean±S.D.) were
172+22 and 106±10 mmHg, respectively.

Plasma renin activity and plasma aldosterone were
measured with radioimmunoassay (31, 32). Their coeffi-

cients of variation were 6.9% and 5%, respectively. Blood
urea, serum creatinine and serum electrolytes were de-
termined with a Technicon SMA 12/60 Autoanalyzer
(Central Laboratory, Aker Hospital).

The observed values after 2 and 4 months were com-
pared with the control values, using Student's Mest for
paired observations.

RESULTS

As can be seen from Table I, no statistical changes
occurred in the variables when estimated at two-
month intervals in 10 untreated hypertensive pa-
tients.

Almost all patients in the treatment group re-
ported slight sedation during the first weeks of
treatment. Two of them also had a tendency to
orthostatic dizziness. Some of the patients com-
plained of headache and palpitations. The patients
were informed of possible side-effects of the drug
before the start of treatment, and all but one volun-
teered to continue on the prescribed dose despite
initial complaints. Most side-effects disappeared af-
ter a couple of weeks. Prazosin was withdrawn in
one patient because of impotence, which disap-
peared after cessation of the drug. As shown in
Table II, there was a slight increase in total plasma
volume, barely statistically significant after two
months of treatment. There was a slight increase in
the mean PPV, but the change was not statistically
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Table III. Changes in kidney function variables and serum electrolytes from the control study (C) to
estimations 2 (2M) and 4 (4M) months after prazosin treatment (n=l4)

Mean S.E.M.

ERPF (ml/min • m2)

Blood urea nitrogen (mmo'./l)

Serum creatinine (jumol/1)

Serum sodium (mmol/P.

Serum potassium (nmol/I)

Serum chloride (mmol/1)

c
2M
4M
C
2M
4M

C
2M
4M

C
2M
4M
C
2M
4M

C
2M
4M

220
252
254

5.1
5.4
5.3

85.5
88.9
90.7

142.7
141.0
140.2

4.1
4.0
4.0

105.9
104.9
103.1

13
13
12
0.4
0.4
0.3

7.0
6.9
4.6

0.9
0.7
0.7

so
p

0.6
0.5
0.8

NS
<0.05

NS
NS

NS
NS

NS
<0.02

NS
NS

NS
<0.02

NS=p>0.05.

significant. Neither was there any statistically sig-
nificant change in the IVCT for plasma. Plasma
renin activity increased slightly after two months of
treatment, but fell to pretreatment levels after four
months. The mean value of plasma aldosterone in-
creased, but the change was not statistically sig-

Table IV. Changes in systemic hemodynamic var-
iables from the control study (C) to estimations 2
(2M) and 4 (4M) months after prazosin treatment
(n=!4)

MAP (mmHg)

CI
(1/min-m2)

Heart rate
(beats/min)

Stroke index
(ml/beat)

TPR1
(HPN-s-nr3)

C
2M
4M

C
2M
4M

C
2M
4M

C
2M
4M

C
2M
4M

Mean

132.2
123.0
118.7

3.47
3.47
3.42

71.0
68.1
65.4

50
52
53

3 187
2 956
2 844

S.E.M.

4.8
3.9
4.6

0.21
0.21
0.14

3.6
4.7
2.5
3
3
2

189
169
168

P

<0.01
<0.01

NS
NS

NS
<0.01

NS
NS

NS
<0.05

NS=/?>0.05.

nificant. Body weight was increased after 2 and 4
months of treatment.

As evident from Table III, ERPF showed a slight
increase after 4 months of treatment, while blood
urea and serum creatinine were unchanged. Serum
sodium and chloride both desplayed a slight but
statistically significant decline after 4 months of
treatment.

The changes in the systemic hemodynamic var-
iables are given in Table IV. MAP fell in 13 of the 14
patients. The fall was mainly due to a decline in
peripheral resistance. In 4 of the patients, however,
the reduction of MAP was due to a fall in cardiac
output. There was a statistically significant de-
crease in heart rate and a slight, but non-significant
increase in stroke volume.

DISCUSSION

The observed changes in the measured variables
during prazosin treatment are small. The ability of
the methods to detect small changes in the variables
is important in the evaluation of the results. The co-
efficients of variation as estimated from duplicate
determinations (see Methods) suggest that the er-
rors and reproducibility of the methods are within
an acceptable range. The lack of statistical differ-

I
I
I
I

I
1
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ences in the measured variables estimated at a 2-
month interval in ten untreated hypertensives (Ta-
ble I) adds to the validation of the changes observed
in the treatment group.

Almost all patients noticed side-effects during
the first days of treatment. Side-effects like
headache, dizziness and palpitations are well
known (1, 2, 4, 15, 17). Impotence, however, is
observed more seldom.

There was a slight increase in total plasma vol-
ume after 2 months of treatment, whereas PPV was
unchanged. This might indicate a small, transient
increase in intravascular volume, predominantly in
the systemic circulation. It must, however, be re-
membered that PPV is the product of cardiac out-
put for plasma and PCT (11) and includes the errors
of both these measurements. The circulation time
for plasma was, however, unchanged, which indi-
cates that the pulmonary intravascular volume was
unchanged (11).

The increased plasma volume during prazosin
administration, which has also been observed by
Ibsen et al. (18) and Koshy et al. (20), taken to-
gether with the increased body weight, might indi-
cate water and sodium retention, even if changes
in body weight constitute a crude parameter of
changes in extracellular volume. Volume expansion
has been observed during treatment with other vaso-
dilators such as hydralazine (19). Furthermore, the
moderate fall in serum sodium and serum chloride
concentrations could indicate a certain amount of
body fluid dilution. Masoni et al. (24) also found a
tendency
studied <

Vasod

for serum sodium to decline in S patients
uring prazosin treatment. The reason for

this is unknown, but Maxwell (26) observed a fall in
water clearance in 4 hypertensives treated with
prazosin

lators such as dihydralazine elicit a con-
siderable increase in plasma renin activity (12),
probably because of secondary sympathetic stimu-
lation. In the present study there was only a tran-
sient increase after 2 months of treatment. Hayes et
al. (16, 17) observed a fall in plasma renin activity
during prazosin administration. The explanation
probably is that prazosin elicits a sympathicolytic
effect and also a tendency to volume expansion.
This is in agreement with the unchanged plasma
aldosterone concentration.

Reports concerning the effect of prazosin on re-
nal circulation are scanty. Koshy et al. (20) found
no change in paraaminohippuran clearance (6 pa-

tients) after 8 weeks of prazosin treatment. Maxwell
(26) estimated ERPF in 4 hypertensives and found a
decrease in 2 and no change in the other 2, whereas
Masoni et al. (24) observed an increase in 5 sub-
jects studied. In the present study there was a sta-
tistically significant increase in ERPF after 4
months of treatment, a rise being noted in 11 of the
14 patients. This increment to the clearance of
[131I] OIH most likely is due to an increase in renal
blood flow as a result of a fall in renal vascular
resistance, indicating an interference with the
hemodynamic autoregulation in the kidneys, This
may be an important effect since renal plasma flow
is reduced in patients with essential hypertension
(3, 5), and a further reduction has been observed
during treatment with an antihypertensive drug
such as propranolol (13). Blood urea and serum
creatinine were unchanged. This precludes gross
changes in glomerular filtration rate, in accordance
with reports by Ibsen et al. (18), Bailey (2), Curtis
and Bateman (8), Maxwell (26) and Koshy et al.
(20).

MAP fell in all the patients, due to declines in
both systolic and diastolic BP. This fall was mainly
due to a decrease in peripheral resistance, which is
in agreement with previous reports (1, 7, 22, 23, 24,
30), but in 4 patients it reflected a decrease in cardiac
output. The fall in heart rate supports the concept
that prazosin elicits a sympathicolytic effect (7), in
contrast to the reflex tachycardia observed during
hydralazine administration (12, 33).

From the present data it can be concluded that
prazosin in small doses induced favourable he-
modynamic changes through a fall in BP, mainly
reflecting a fall in peripheral resistance, a reduction
in heart rate, an increase in renal plasma flow and
no increase in plasma aldosterone concentration.
The transient increase in plasma renin activity was
small. The transient, slight increase in systemic in-
travascular volume and the weight gain might indi-
cate fluid retention which was not a result of stimu-
lation of the renin-aldosterone system. There was
no increase in PPV, indicating a small redistribution
of plasma between the pulmonary and the systemic
circulation. A decline in serum sodium and chloride
was also observed.
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